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As humans continue to rely heavily on fossil fuels for our energy sources, many scientists 
are researching renewable energy sources.  One potential energy source is hydrogen fuel cells, in 
which the anode reduces hydrogen to protons and electrons while the cathode forms H2O.  
Historically, Pt has been used as an efficient hydrogen production or reduction catalyst; however, 
it is expensive.  Hydrogen fuel cells will not become abundant until a cheaper, stable hydrogen 
catalyst can be synthesized.    
Hydrogenase enzymes are able to produce or reduce hydrogen efficiently using first-row 
transition metals (Ni and Fe).  This work investigates emulating the active site of [NiFe]- and 
[FeFe]-H2ase complexes.   [NiFe]- and [FeFe]-H2ase enzymes evolved separately but have very 
similar features in the active site.  Both active sites contain iron bound to a carbonyl moiety, a 
cyanide ligand, and bridging thiolates.  Fe4S4 clusters are found in both enzymes and deliver 
electrons to and from the active site.  The [FeFe]-H2ase enzyme is more active for hydrogen 
production and reduction, therefore this work will focus on modeling the [FeFe]-H2ase active site.   
Specifically, this work addresses the fact that these mimics are not as active as the protein.  
One major reason for this lower activity is that upon protonation of the metal center, a stable 
terminal hydride species is formed.  The terminal hydride species upon further protonation, 
spontaneously releases H2.  However, when a terminal hydride species is formed in a model 
complex, the hydride quickly isomerizes to a µ-hydride. The µ-hydride species is not active 
because the azadithiolate ligand, which delivers protons directly to the metal center, cannot interact 
with the µ-hydride due to the long distance.  Therefore, the first three chapters of this thesis will 
be addressing how to activate the µ-hydride or stabilize the terminal hydride. 
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The second chapter focuses on activating the µ-hydride by incorporating proton-responsive 
ligands.  During the catalytic cycle of [NiFe]-H2ase enzymes, a µ-hydride is formed and then is 
further protonated through a protonatable ligand (a terminal thiolate).  Utilizing a well-studied 
proton-responsive ligand, 2-diphenylposphinoaniline (PNH2), a new diiron complex was 
synthesized with two PNH2 ligands.  A neutral µ-hydride species forms through oxidative addition 
immediately upon addition of the second PNH2 ligand.  It was possible to protonate and 
deprotonate the neutral µ-hydride species and the ΔνCO shifts matched well with protonation of 
terminal thiolate ligands in the [NiFe]-H2ase. 
 The third chapter addresses the stabilization of the terminal hydride by increasing the steric 
bulk at the bridgehead position.  It was proposed that the steric interaction between the terminal 
hydride and the bridgehead would slow isomerization.  3,3-bis-methylpropanedithiolate, Me2pdt
2, 
was used as the bridgehead since the addition of acid could not protonate the bridgehead and could 
only protonate the metal.  The terminal hydride was stabilized for several hours; therefore, the rate 
of isomerization could be studied at various temperatures.  Due to the longevity of the terminal 
hydride species, a new, never-before-seen intermediate, a symmetric terminal hydride species, was 
identified using 1H and 31P NMR.   
The fourth chapter focusing on stabilizing a catalytically active model complex.  Due to 
the success in increasing the lifetime of a terminal hydride species in chapter three, a diiron 
complex containing a sterically bulk azadithiolate was investigated. In the azadithiolate, the steric 
bulk at the 3-position could not be increased without affecting the catalysis.  The steric bulk at the 
methylene positions was therefore increased.  The terminal hydride species was increased 
significantly to almost an hour at 30 °C.  The isomerization occurred by a different mechanism 
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than in the previous chapter; only one terminal hydride species was formed that eventually 
isomerized to two µ-hydride species. 
The fifth and final chapter of this thesis focuses on a joint project between the Rauchfuss 
and Vura-Weis groups that is currently ongoing.  The long-term objectives are to study the electron 
transfers associated with geometry changes within a simple [NiFe]-H2ase model complex, 
(dppe)Ni(pdt)Fe(CO)3, and DuBois’ catalyst.  Specifically of interest are the oxidations from Ni
I 
to NiII, where the geometry changes from tetrahedral to square planar. 
These electron transfers and geometry changes will be studied using extreme ultraviolet 
(XUV) spectroscopy which is element-, oxidation-, and spin-state specific.  Two simple Ni 
complexes are currently being investigated: Ni(NCS)2(PPh3)2, square planar, and NiI2(PPh3)2, 
tetrahedral. Preliminary XUV data suggests that the edge position of the NiII shifts depending on 
the geometry of the nickel.  To prepare for transient XUV spectroscopy, time dependent-density 
functional theory was performed to better understand the metal ligand charge transfer band, 
MLCT, that is being excited.  Also, transient absorption spectroscopy has been completed to 
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CHAPTER 1: Why are Hydrogenases Important? H2 Production 
1.1  Hydrogen Fuel 
Hydrogen has been posited as viable green energy due to its high energy density per unit 
mass and minimal environmental impact, when H2 is produced from biological processes.
1,2  
Hydrogen fuel cells are designed to produce water and energy from the oxidation of H2 at the 
anode and reduction of O2 at the cathode (Figure 1.1).
3,4  Pt, which is an expensive and rare metal, 
is currently the most common catalysts for both H2 oxidation and O2 reduction, which prohibits 
these fuel cells from becoming ubiquitous.  Investigations into other non-precious metal H2 
oxidation catalysts are being conducted.5–7 
 
Figure 1.1. Ultimately, the goal is to replace the pink electrode catalyst boxes with cheaper 
metals such as Ni, or Fe.  Modified from ref. 4. 
1.2  Hydrogenases 
An abundant class of enzymes, which has been studied for its ability to produce H2 since 
it was discovered in the 1930s, is hydrogenase, H2ase.
8–11  There are three broad categories of 
H2ase enzymes: [NiFe]-
12, [FeFe]-13 and [Fe]-H2ase
14.   [Fe]-H2ase does not catalyze the 
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production of H2 from protons; it reversibly catalyzes the dehydrogenation of 
methylenetetrahydromethanopterin.14  Therefore, this work will focus exclusively on [NiFe]- and 
[FeFe]-H2ase, because they directly form H2 from protons and electrons.  Both categories of H2ase 
are pervasive in nature and found in many different types of organisms.15–17  [NiFe]- and [FeFe]-
H2ase have evolved convergently, which stresses the importance of any shared features between 
the active sites of both species.  These enzymes have an active site, and Fe4S4 clusters (at least 
one).18,19  While they both produce H2, [FeFe]-H2ase produces 6,000-9,000 molecules of H2/sec 
while [NiFe]-H2ase produces 700 molecules of H2/sec.
20  While [NiFe]-H2ase is less efficient at 
producing H2, some species are less sensitive to O2 than [FeFe]-H2ase.
21  Since both of these 
categories of enzymes are active for H2 production, many chemists are interested in modeling the 
active site.  Modeling the active site will help to produce efficient catalysts that are O2-tolerant 
with high H2 production rates made with first-row transition metals, since they are less expensive 











Figure 1.2. Comparison of two examples of [NiFe]-H2ase (Desulfovibrio gigas, PDB 2FRV)
12 
and [FeFe]-H2ase (Clostridium pasteuranium, PDB 3C8Y)
13.  The active site of both 
has been circled.  The black arrows indicate the passage of electrons through Fe4S4 











 The active sites in both enzymes have many similarities (Figure 1.3).12,23–25  Each iron is 
bound by two bridging thiolate ligands, one CO, and at least one cyanide ligand.  Both active sites 
are very constrained due to the surrounding protein.  Electrons and protons are therefore  delivered 
to the active site through Fe4S4 clusters and proton transport channels, respectively.
26,27  Both 
active sites have a proton-responsive ligand that delivers a proton directly to the metal centers.  
Therefore, there is a vacant site that is open unless the species is protonated or about to release 
dihydrogen.  The nickel in the [NiFe]-H2ase active site is in a trigonal bipyramidal geometry, 
which is unusual.12  While the active sites of [FeFe]- and [NiFe]-H2ase are structurally analogous, 
the hydrides formed are dissimlar.  In the [NiFe]-H2ase, a µ-hydride is formed upon proton transfer 
through purportedly one of the terminal thiolate ligands.28–31  Whereas, the bridging azadithiolate 








Figure 1.3.  Active site of [NiFe]-H2ase and [FeFe]-H2ase.  Several similar features contain at 
least two thiolate ligands, one CO ligand, and two cyanide ligands.   
1.2.1  Catalytic Cycle of [NiFe]-H2ase 
 During the proposed catalytic cycle of [NiFe]-H2ase, the nickel is the redox active metal 
and the iron remains in the FeII state (Figure 1.4).  The diamagnetic state (Nia-SI) is treated with 
H+ and an electron to form the mixed valent NiIFeII (Nia-L).  Upon protonation of the metal center, 
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a mixed valent µ-hydride species is formed (Nia-C).  Upon addition of another electron and proton, 
a transient diamagnetic µ-hydride species is formed (Nia-R), which will spontaneously release H2 
reforming the Nia-SI state.
33  The Ni-B, Nia-C and the Nia-L species have been extensively studied 
using EPR spectroscopy.30 
 
Figure 1.4.  Proposed catalytic cycle of [NiFe]-H2ase.  Adopted from ref. 33.  
1.2.2  Catalytic Cycle of [FeFe]-H2ase 
  In the [FeFe]-H2ase catalytic cycle, Hred is a diamagnetic species with a doubly protonated 
ammonium species.  At low temperatures, a terminal hydride FeIFeI species is formed with the 
bound Fe4S4 cluster reduced.  Upon warming, a mixed valent terminal hydride ammonium species 
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is formed FeIFeII.    It is proposed that the ammonium species transfers a proton to the metal center, 
forming a transient dihydogen complex that quickly evolves H2.
34  Upon release of H2, a mixed 












Figure 1.5.  Proposed catalytic cycle of [FeFe]-H2ase.  Adopted from ref. 34. 
1.3  Models of [FeFe]-H2ase  
  When the crystal structure of the [FeFe]-H2ase was first discovered, it was not possible to 





into the enzyme.  Only the enzyme that had [Fe2(adt)(CO)4(CN)2]
2- inserted showed the same 
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activity as the native enzyme (Figure 1.6).24  The inserted pdt2- showed no activity, indicating that 
having a proton-responsive ligand was key for catalysis.24  Therefore, modified adt2- complexes 
are of interest for catalytic purposes.36–38  However, pdt2- containing complexes provide valuable 





Figure 1.6.  Biomimetic model complexes that were inserted into the active site of [FeFe]-H2ase.  
The cyanide ligands, due to their basicity, will protonate in an acidic environment.42  Many 
researchers have begun investigating diiron complexes containing phosphine, carbene or 
isocyanides to force protonation to occur only at the metal or the azadithiolate (Figure 1.7).41,43–46  
These compounds have at least two carbonyl groups, which using infrared spectroscopy can easily 









Figure 1.7.  Examples of model complexes iomimetic model complexes that were inserted into 
the active site of [FeFe]-H2ase.  
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1.4  Fast Isomerization of Terminal Hydride  
As seen in the catalytic cycle of the [FeFe]-H2ase, the azadithiolate can be protonated.  
There is an equilibrium between the ammonium species and the terminal hydride species.34  
However, upon protonation of model complexes (both adt2- and pdt2-), a transient terminal hydride 
species is formed but quickly isomerizes to a µ-hydride species (Figure 1.8).36,39,47   The [t-
HFe2(pdt)(CO)2(dppv)2]
+ has a half-life of under five minutes at room temperature.48  The 
monoprotonated [t-HFe2(adt)(CO)2(dppv)2]
+ isomerizes within minutes at room temperature.  
However, if the species is doubly protonated, the terminal hydride is longer lived, possibly due to 
a NHδ+- - -H δ- (Figure 1.9).36  Therefore, it was proposed that increasing the steric bulk of the 3-
position could prevent isomerization, especially if there is a through-space interaction between the 
terminal hydride and the R group. 
 
Figure 1.8.  Mono-protonation of Fe2(adt)(CO)2(dppv)2.  The terminal hydride isomerizes to a 




Figure 1.9.  Scheme of di-protonation of Fe2(adt)(CO)2(dppv)2.
36  
Since these [FeFe]-H2ase model complexes are not constrained by various amino acids, 
there are several motions within the models that are not seen in the active site.  One motion that 
occurs constantly in solution is the bridgehead flips back and forth in solution, equilibrating the 
two  iron centers on the NMR time scale (Figure 1.10).  The adt2- is slightly more rigid in solution 
but does flip.38  The second motion in solution is a turnstile rotation of the phosphine ligands.46  
The apical and basal phosphines rotate in solution, causing only one phosphine signal is observed 
in the 31P NMR (Figure 1.11).  Therefore, one hypothesis is that if the steric bulk at the bridgehead 
position is increased, the dppv ligands would not fully rotate possibly preventing isomerization.  






Figure 1.10.  Example of the flipping behavior of the bridgehead.  These two isomers are called 
“flippamers”.  
 
Figure 1.11.  Example of the flipping behavior of the bridgehead.  These two isomers are called 
“flippamers”.  
1.5  Concluding Remarks 
 Hydrides are present in both [NiFe]- and [FeFe]-H2ases.  Protonation occurs through 
different mechanisms.  In the [NiFe]-H2ase active site, both metals are protonated and a µ-hydride 
is formed.33  Only one iron is protonated, forming a terminal hydride, in the [FeFe]-H2ase site.
34  
One issue with [FeFe]-H2ase model complexes is that upon protonation there is a fast isomerization 
to a µ-hydride species.  The µ-hydride is spatially too far away to interact with the adt2- bridgehead, 
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which delivers the second proton needed for H2 evolution.
36,46  Chapters two through four of this 
thesis address this issue.  Since [NiFe]-H2ase forms an active µ-hydride species, in the second 
chapter a diiron complex is synthesized with two proton-responsive ligands bound directly to the 
iron to promote H2 production.  In chapters three and four, studies were completed to slow the 
isomerization of the terminal hydride species by increasing the steric bulk at the bridgehead 
position (both at the 2- and 3-positions). 
The final chapter is a continuing project in the Vura-Weis lab.  Specifically, the geometry 
changes associated with redox events on nickel complexes using extreme ultraviolet 
spectroscopy (a technique that is element-, oxidation-, spin-state and geometry specific) will be 
investigated.49,50  Currently Ni(NCS)2(PPh3)2 and NiI2(PPh3)2, a square planar and tetrahedral 
complex respectively, are being investigated.  The long term goals are to investigate these 
geometry changes in well-studied catalytic systems, [NiFe]-H2ases and the DuBois’ catalyst.  
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CHAPTER 2: Diiron Dithiolate Hydrides Complemented with Proton-Responsive 
Phosphine-Amine Ligands† 
2.1  Introduction 
Contemporary studies on homogeneous catalysis often emphasize ligand-based 
phenomena involving redox-innocence, proton relays, and substrate recognition.  Ligand-based 
functionality enhances the reactivity of the metal complex and, to some extent, improves the 
catalytic activity of less reactive metals.  Such effects are pervasive in enzymes. 
Ligands with acid-base properties, that is, proton-responsive ligands, are pervasive in 
coordination chemistry1 and are relevant to a range of catalytic process2.  Proton-responsiveness 
can describe ligands that relay protons to and from the metal center, as illustrated by the [FeFe]- 
and [NiFe]-hydrogenases.  Alternatively, many metal centers carry ligands that can undergo 
protonation/deprotonation in a manner that affects reactivity through changes in basicity of the 
metal center or by interacting with substrates.  An example of this phenomenon from our laboratory 
includes the protonation-induced Lewis acidification of 16 e- iridium complexes.3  Many proton-
responsive ligands feature N-heterocyclic ligands with uncoordinated nitrogen centers, such as 
pyrazolates,4,5 pyrazines,6,7 dipyrimidines, and pyridinol/pyridone ligands2,8,9 as well as pyridyl 
methanide derivatives.10  Even water, the most common of ligands, is proton-responsive.11  
Cyanide is another such ligand, as illustrated by the pair 
[HM(CN)(diphos)2]/[HM(CNH)(diphos)2]
+ (M=Fe, Ru, Os)12 (Scheme 2.1) and 
[HFe2(pdt)(CN)(CO)4(PMe3)]/[HFe2(pdt)(CNH)(CO)4(PMe3)]
+.13  The effects of such acid-base 
reactions on the behavior of the complex are numerous.  The lability of other metal-ligand bonds 
are affected,14 as illustrated by the SN1CB mechanism of ligand substitution.  The redox potential 
of a complex is shifted by as much as several hundred millivolts, depending on the protonation 
15 
 





Scheme 2.1. Scheme of FeII, RuII, and OsII tetraphosphine (P) complexes illustrating three 
protonated states.3 
Dimetallic complexes containing both hydrides and proton-responsive ligands are relevant 
to the hydrogenases.  In terms of the [FeFe]-hydrogenases, the pair [HM(LH)L’n]
z/ [HM(L)L’n]
(z-
1) (LH is a proton-responsive ligand) has been emulated in complexes with azadithiolates, cyanides, 
and PNP-type diphosphine ligands.16  Most proton-responsive ligands are “hard” bases, which 
typically have low affinities for first-row organometallic centers.  Since the diiron(I) dithiolates 
tightly bind tertiary phosphines, the phosphine-amines were investigated as proton-responsive 
ligands on this platform. 
Of specific interest was Ph2PC6H4-2-NH2, abbreviate PNH2.  The binding of chelating 
diphosphines to diiron dithiolates is well-established, so it was anticipated that related P-N chelates 






There is a variety of complexes of PNH2 with first-row metals.  Iron(II) derivatives include 
[Fe(PNH2)2(NCMe)L]
2+ (L=NCMe, CO).18  Cobalt(I) gives rise to a series of derivatives Co(κ2-
PNH)(PMe3)2L (L=PMe3, CO, alkene).  The planar, low-spin [trans-Co(κ
2-PNH)2] was also 






2.2  Synthesis and Characterization of Diiron Complexes Containing PNH2 
Prolonged photolysis of a toluene solution of Fe2(pdt)(CO)6 with two equivalents of PNH2 
afforded a red-brown [H1H]0 with the nominal formula Fe2(pdt)(CO)2(PNH2)2 {pdt
2- = CH2(CH2S
-
)2}.  The synthetic approach was modeled after the route to Fe2(pdt)(CO)2(dppv)2.
21  Two 
intermediates were detected by FTIR spectroscopy at very early stages in the reaction, 
Fe2(pdt)(CO)5(κ
1-PNH2) and Fe2(pdt)(CO)4(κ
2-PNH2).  The first intermediate was generated 
independently from Fe2(pdt)(CO)6 with an equivalent of PNH2 and Me3NO.  
31P NMR 
spectroscopic analysis indicates that the phosphine, not the amine, is bound to the Fe.  
Crystallographic analysis of that species revealed that the phosphine occupies an apical position,17 
as is typical (Figure 2.1).  Irradiation of Fe2(pdt)(CO)5(κ
1-PNH2) yielded Fe2(pdt)(CO)4(κ
2-PNH2).  
The conversion is accompanied by the appearance of two new 31P NMR signals (δ = 72.93 and 
66.4; Figure 2.2).  This conversion was not clean, and the Fe2(pdt)(CO)4(κ


















Figure 2.1. ORTEP of Fe2(pdt)(CO)5(κ
1-PNH2) with ellipsoids drawn at the 50% probability level. 




Figure 2.2.  31P NMR spectrum of crude Fe2(pdt)(CO)4(κ
2- PNH2) in C6D6 (202.4 MHz) at 20 ºC.  
Assignments: Fe2(pdt)(CO)4(κ
2-PNH2) δ 72.9 (1P, s), 66.39 (1P, s); Fe2(pdt)(CO) 
5(κ
1- PNH2) δ 58.3 (1P, s); Decomposition δ 55.59 (1P, s). 
 Irradiation of a solution of Fe2(pdt)(CO)5(κ
1-PNH2) and PNH2 afforded a single new 
dicarbonyl species.  Its infrared spectrum shows two νCO bands (1928 and 1919 cm
-1), which are 
40-50 cm-1 higher in energy compared to those in Fe2(pdt)(CO)2(dppv)2 (1888 and 1868 cm
-1, dppv 
= cis-Ph2PCH=CHPPh2).
22  While the expected product for the substitution of two bidentate PNH2 
ligands is Fe2(pdt)(CO)2(PNH2)2, the 
1H NMR spectroscopic measurements revealed, surprisingly, 
a signal in the hydride region δ = -5.38 (Figure 2.3).  This high-field signal is coupled to two 






Figure 2.3.  1H NMR spectrum of HFe2(pdt)(CO)2(PNH)(PNH2) ([H1H]
0) in CD2Cl2 (TMS, 500 
MHz) at 20 ºC.  Assignments: δ 7.82 (4H, m br); 7.49 (6H, m br); 7.40 (4H, m); 
7.35 (2H, m); 7.23 (2H, m br); 7.11 (2H, m br); 7.04 (4H, m br); 6.82 (2H, m br); 
6.61 (2H, m br); 2.95 (1H, s br, NH); 2.28 (2H, m); 2.19 (2H, m); 2.00 (2H, m); 
1.11(2H, s br, NH); -5.38 (1H, t, JH-P = 27 Hz, Fe2H).  Traces of pentane, diethyl 
ether and tetrahydrofuran. 
 The redox properties of [H1H]0 were surveyed by cyclic voltammetry.  It reduced with 
quasi-reversibility around -750 mV vs. Fc+/0 (Figure 2.4).  No notable catalysis was observed when 




Figure 2.4.  Cyclic voltammogram of a 5.0 mM solution of [H1H]0 (0.125 M [Bu4N]PF6, 
acetonitrile, scan rate = 0.1 V/s, glassy carbon working electrode, Pt counter 
electrode, Ag/AgNO3 reference electrode). 
2.3  Solid-State Structure of [H1H]0 
Crystallographic analysis confirms the NMR spectroscopic assignment of the diiron 
diphosphine complex as the hydride HFe2(pdt)(CO)2(PNH2)(PNH), abbreviated [H1H]
0 (Figure 












Figure 2.5. ORTEP of [H1H]0 with ellipsoids drawn at 50% probability level demonstrating 
hydrogen bonding between an oxygen, O3, from THF to the exo amine proton, H4-
N1.  For clarity, selected H atoms and the C5H5 of the phenyl groups were removed. 






















Both chelating PNH2 ligands occupy basal sites with transoid phosphine and nitrogenous ligands, 
giving the complex an idealized C2-symmetric HFe2S2(CO)2(PN)2 core.  In contrast, in 
Fe2(pdt)(CO)2(dppv)2, the two dppv ligands span apical-basal sites, which leads to an 
idealized C2-symmetric Fe2S2(CO)2P4 core.  It is often observed that CO ligands 
preferentially occupy sites trans to hydride ligands in diferrous complexes of the type [(µ-
H)Fe2(SR)2(CO)6-x(PR3)x]+.23  The N-H positions were refined crystallographically, 
revealing the presence of both amido and amino ligands.  Thus, [H1H]0 is described as 
HFe2(pdt)(CO)2(κ2-PNH2)(κ2-PNH).  In the crystal, a disordered THF solvate is hydrogen-
bonded to the exo amine proton, H4 (Figure 2.5).  THF orientation A (Figure 2.5) has a 
hydrogen bond with an O-H length of 1.91(3) Å, and a N-H-O hydrogen bond angle of 
162(3)°.  Orientation B (Figure 2.6) has a longer hydrogen bond with an O-H length of 
2.16(3) Å, a consequently longer N-O distance of 3.030(4) Å, and a N-H-O hydrogen bond 
angle of 177(2)°.  The respective N-O distances of 2.756(4) and 3.030(4) Å indicate a 
hydrogen bond of intermediate strength.24  The bridging hydride (H1) was located and 
refined.  The hydride is more strongly bonded to the amide bearing Fe center [1.64(2) vs. 
1.712(19) Å].  This difference in bond lengths is consistent with the hydride’s slightly 
protic character.  The oxidative addition of the N-H bond in PNH2 has been observed in 
both Ru3 and Os3 carbonyl clusters.25  Illustrative is HOs3(PNH)CO)9, which features 




Figure 2.6.  ORTEP of [H1H]0 in both orientation A and B with ellipsoids drawn at 50% 
probability level demonstrating hydrogen bonding between an oxygen, O3, from 
THF to the exo amine proton, H4-N1.  For clarity selected H atoms and the C5H5 of 
the phenyl groups were removed. 
2.4  1H NMR Spectroscopy Studies of [H1H]0 
The 1H NMR spectrum of [H1H]0 is informative.  The pdt2- backbone has three unique 
signals at δ 2.29, 2.20 and 1.98.  If the [FeFe]-H2ase mimics were completely rigid, it is expected 
that there would be six signals for the pdt2- backbone since each proton is in a unique environment.  
However, these complexes are dynamic and the pdt2- flips back and forth in solution so the axial 
and equatorial protons are equivalent.  Due to this flipping motion, there are two isomers in 
solution, called flippamers; the population of each isomer depends on the similarity between the 
Fe environments.  The flipping rate is fast on the NMR timescale but slow on the EPR and IR 









In addition to the hydride signal at δ -5.38 (triplet), two signals assigned to NH are observed 
in a 1:2 ratio at about δ 4.08 and 1.07 (Figure 2.7).   
 
Figure 2.7.  1H NMR spectrum of HFe2(pdt)(CO)2(PNH)(PNH2) ([H1H]
0) in CD2Cl2 (TMS, 500 
MHz) at 20 ºC. 
These two signals are assigned to the endo and exo (or pre-exo) NH centers, respectively.  With 
the addition of THF, the hydride and the endo protons, δ -5.38 and 4.08 correspondingly, shift 
further upfield to δ -6.57 and 2.98.  In principle, three NH signals would be observed, but amine-
amide equilibration is fast (Scheme 2.2).  
 
 





















Further indication of fast proton exchange is that the two 31P sites are equilibrated even at -48 °C 
(Figure 2.8).  The 5.005(2) Å distance between the two nitrogen centers on the amine and the 
amide precludes intramolecular exchange. 
 
Figure 2.8.  31P NMR spectrum of HFe2(pdt)(CO)2(PNH)(PNH2) ([H1H]
0) in CD2Cl2 (202.4 MHz) 
at -48 ºC. Assignments: δ 71.7 (2P, s). The signals at δ 35.5 and -21.8 are electronic 
noise. 





Figure 2.9.  1H NMR spectrum of [H1H]0 before and after the addition of CD3OD.  A.  
1H NMR 
spectrum of [H1H]0 in CD2Cl2 before the addition of CD3OD.  The signal for the exo 
protons and the endo proton occur at δ 1.08 and 4.12, respectively.  Note: This 
spectrum does include solvent peaks from THF, ether, and pentane.  B.  1H NMR 
spectrum recorded minutes after the addition of CD3OD.  Both exo and endo protons 
have been exchanged with D+. 
Addition of small amounts of CD3OD to a CD2Cl2 solution of [H1H]
0 results in complete 
disappearance of the NH signals within minutes.  We did not observe selective exchange of the 
two diastereotopic NH sites on the amine.  The hydride signal does not exchange with even high 
concentrations of CD3OD (Figure 2.10).  This observation indicates that reductive elimination 




Figure 2.10.  1H NMR spectrum of [H1H]0 before and after the addition of CD3OD at multiple 
time points.  A.  1H NMR spectrum of [H1H]0 in CD2Cl2 before the addition of 
CD3OD.  The hydride signal occurs at δ -6.57.  B.  
1H NMR spectrum recorded 
minutes after the addition of CD3OD; the hydride signal has not exchanged with 
D+.  C. No exchange has occurred after 2 hours.  D.  After 16 h, a 1H NMR spectrum 
shows no hydride exchange.  E.  No exchange has occurred at 19 h.  F.  1H NMR 
spectrum recorded at 23 h; excess CD3OD was also added at this time.  There is 
still no exchange with the hydride. G.  Forty-eight hours after the first addition of 
CD3OD, there is still no hydride exchange. 
2.5  Intermolecular Exchange of Proton From the Amine to the Amide Position 
The reductive elimination of the hydride to form a neutral FeIFeI di-amine complex does 
not occur (Figure 2.10).  Therefore, it is proposed that the exchange of the exo and endo protons 
occurs through an intermolecular pathway.  To determine if an intermolecular pathway is 
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involved, concentration studies can be conducted.  Lower concentrations of [H1H]0 should 
decrease the rate of the exchange and higher concentrations should increase the rate. Solvent, 
which can hydrogen-bond, interacts strongly with the exo amine proton (Figure 2.6) and, 
potentially, stabilizes and assists in the movement of protons.   
One possible intermolecular pathway involves an equilibrium between the hydrogen-
bonded THF (seen in the crystal structure) and the amine of [H1H]0 (Scheme 2.3).  The THF is 
hydrogen-bonded to the exo proton of one molecule of [H1H]0 and is 2.98(2) Å from the amido 
proton of the second molecule of [H1H]0 (Figure 2.11).  Upon forming a protonated THF, a 
proton could be transferred back to the amine or could be donated to the second [H1H]0.  The 
second molecule of [H1H]0 is further away from the THF, but is still within the needed distance 
for hydrogen bonding, and therefore can be protonated.24  Upon protonation, an equivalent of 
[1H]- and [H21H]
+ are generated.  However, the THF is still in between these two compounds 
and could potentially transfer the proton back to the [1H]- reforming two [H1H]0 (Scheme 2.4).  
A potential test to verify or exclude this mechanism is to mix solutions of [1H]- and [H21H]
+, 
which can both be synthesized independently, and determine if [H1H]0 forms.    
 
Scheme 2.3.  Potential equilibrium between an amine and a protonated THF molecule.  The 





Figure 2.11.  Unit cell of [H1H]0 grown to show the position of a second molecule of [H1H]0 
relative to the disordered THF molecule.  The Ph groups have been removed for 
clarity. 
 
Scheme 2.4.  Proposed scheme of THF-assisted proton equilibration.  The bridgehead was 
removed for clarity. 
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2.6  Acid-Base Properties of [H1H]0 
The protonation of [H1H]0 was effected with the strong acid [H(Et2O)2]BF4, the 
organometallic product was the salt [HFe2(pdt)(CO)2(κ
2-PNH2)2]BF4 ([H21H]BF4) (Figure 2.12).   
 
Figure 2.12.  1H NMR spectrum of [HFe2(pdt)(CO)2(PNH2)2]BF4 ([H21H]BF4)
 in CD2Cl2 (TMS, 
500 MHz) at 20 ºC. 
In its 1H NMR spectrum, the signals assigned to NH are broad.  The related salt [H21H]BAr
F
4 was 
synthesized by treatment of [H1H]0 with [H(Et2O)2]BAr
F
4 in CH2Cl2 (Ar
F
4 = 3,5-C6H3(CF3)2).  
The 1H NMR spectrum of [H21H]BAr
F
4 in CD2Cl2 displays two equally intense doublets at δ 3.04 
and 1.41, assigned to NHendo and NHexo with a coupling constant of 13 Hz (Figure 2.12).  The 
hydride signal in [H21H]BF4 (containing traces of THF) and [H21H]BAr
F
4 (containing 2 equiv 
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Et2O and trace THF) are shifted slightly upfield from the hydride signal of the neutral complex, δ 
-6.51 and -6.44, respectively, vs δ -5.48.  
 





 in CD2Cl2 
(TMS, 500 MHz) at 20 ºC. 
 In view of the protic nature of the amine, the deprotonation of [H1H]0 was also 
investigated.  Addition of KO-tBu in the presence of 18-crown-6 converted [H1H]0 to its conjugate 
base [1H]-.  The anion was isolated as the [K(18-crown)]+ salt, although not in analytical purity.  
1H NMR spectroscopic measurements confirm that this species is also a hydride [δH  = -4.81, JH,P 
= 26 Hz].  The amide protons are shifted upfield (δ 0.63) in comparison to [H1H]0 (δ 1.07) and 
[H21H]
+ (δ 1.40).  
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 IR spectra in the CO region correlate with the protonation state.  For the pairs [1H]-/[H1H]0 
and [H1H]0/[H21H]
+, protonation shifts (νCO)avg by about 20 cm
-1 in the expected direction (Figure 
2.14).  For comparison, protonation of an azadithiolate in a similar µ-H complex [Fe2(adt)(µ-
H)(CO)2(dppv)2]
+ to [Fe2(Hadt)(µ-H)(CO)2(dppv)2]
2+ {adt = [HN(CH2S)2]
2-} causes a shift of 







Figure 2.14. Infrared absorption spectra of [H21H]BF4 (green), [H1H]
0 (blue) and [1H][K(18-
crown)] (red) recorded in THF solutions. 
2.7  Solid-State Structure of [H21H]BF4 
X-ray crystallographic analysis confirmed the structure anticipated by the spectroscopy 
(Figure 2.15).  The cationic complex [H21H]
+
 adopts an idealized C2-symmetric structure with two 
NH2 groups.  All N-H and Fe-H hydrogen atoms were located and resolved crystallographically.  
The cation, [H21H]
+, and its conjugate base, [H1H]0, are almost isostructural.  The most significant 
bond length difference is around the point of protonation.  As the amide nitrogen atom (N2) in 
[H1H]0 is protonated to an amine (N2) in [H21H]BF4, the Fe2-N2 bond lengthens by about 0.090 




















Table 2.1.  Comparison of select bond lengths from the crystal structures of [H1H]0 of [H21H]BF4. 




Fe1-C1 1.7492(18) 1.761(2) 
Fe1-N1 2.0492(15) 2.0430(17) 
Fe1-P1 2.1939(5) 2.1794(9) 
Fe1-S1 2.2401(5) 2.2553(8) 
Fe1-S2 2.2594(5) 2.2415(7) 
Fe1-Fe2 2.6245(4) 2.6039(12) 
Fe2-C2 1.7392(18) 1.750(2) 
Fe2-H1 1.71(2) 1.65(2) 
N1-H4 0.87(3) - 
Fe2-N2 1.9700(16) 2.0595(17) 
Fe2-P2 2.1889(5) 2.1795(8) 
Fe2-S2 2.2463(5) 2.2523(7) 
Fe2-S1 2.2657(5) 2.2312(8) 
O1-C1 1.154(2) 1.149(2) 
O2-C2 1.156(2) 1.153(2) 
Fe1-H1 1.64(2) 1.65(2) 
N1-H3 0.87(3) 0.84(3) 
N2-H2 0.78(2) - 
N1-H2 - 0.88(3) 
N2-H4 - 0.87(3) 
N2-H5 - 0.82(3) 
 
Both exo amine groups are hydrogen-bonded.  The BF4
- anion is disordered over two orientations, 
both of which are hydrogen-bonded to the amine proton H2.24  Orientation B has a hydrogen bond 
F-H length of 1.97(3) Å, with a N-Fe distance of 2.826(4) Å and N-H-F hydrogen bond angle of 
166(2)°.  Orientation A has a marginally longer hydrogen bond F-H length of 2.07(3) Å (Figure 
2.15).  The oxygen of one THF solvate O3 also forms a hydrogen bond with the amine proton H5 
with a O-H length of 2.11(3) Å, a N-O distance of 2.924(2) Å, and a N-H-O hydrogen bond angle 
of 171(2)°.  The bridging hydride, H1, was located and refined at equal distance to the two Fe 




Figure 2.15.  ORTEP of [H21H]BF4 with orientation A and B of the BF4
- anion labelled. Ellipsoids 
drawn at 50% probability level; for clarity selected H atoms and the C5H5 of the 
phenyl groups were removed. 
2.8  Conclusions 
 A surprising finding is the oxidative addition of a N-H bond at iron.  A previous example 
of an iron amido hydride is HFe(NH2)(dpmpe)2.
28  That complex arises via intermolecular 
oxidative addition of NH3 to the highly basic Fe
0(dmpe)2 center.  In HFe2(pdt)(CO)2(κ
2-PNH2)(κ
2-
PNH), N-H oxidative addition is driven by a combination of the chelate effect (cf. chelate-assisted 
oxidative addition)29 and the stabilization afforded to bridging hydride ligands.16  Oxidative 
addition of H-X bonds is rare for any kind for the diiron(I) dithiolates,30 although such FeI2 centers 




z comprise a series of nearly 
isostructural diiron hydrides that differ only in their degree of protonation.  These complexes are 
also rare examples of dimetallic complexes with exchangeable protons on ligands adjacent to a 
hydride ligand.  Many monometallic complexes exhibit this property, beginning with 
[RhH(NH3)5]
2+ but also including many amine-containing transfer hydrogenation catalysts.31 
 Examples of a dimetal hydride with a proton-responsive ligand occur at the active site of 





its reversible protonation can be observed for the Ni-SI state (NiIIFeII, no hydride).  For the [NiFe]-
hydrogenase obtained from Desulfovibrio vulgaris the average changes in νCO at the Fe(CN)2(CO) 
center (22 and 28 cm-1) are similar to the changes in νCO observed in this work (Scheme 2.2).
32  
Similar shifts have reported for this state in other [NiFe]-hydrogenases.33,34  
2.9  Experimental 
General Considerations: Unless otherwise indicated, reactions were conducted using standard 




37 were synthesized 
according to literature methods.  Potassium tert-butoxide and 18-crown-6 (Aldrich) were used 
without further purification.  1H and 31P NMR spectra were acquired with Varian UNITY INOVA 
500NB and UNITY 500 NB instruments.  Elemental analyses were performed by the School of 
Chemical Sciences Microanalysis Laboratory utilizing a model CE CHN analyzer. 
Fe2(pdt)(CO)5(κ1-PNH2).  A solution of Fe2(pdt)(CO)6 (150 mg, 0.39 mmol) in 20 mL of 
MeCN was treated with Me3NO•2H2O (43.3 mg, 0.39 mmol).  The color of the solution changed 
from orange to dark red.  Solid PNH2 (108.1 mg, 0.39 mmol) was added.  The solution was stirred 
for approximately 2 h, before removing solvent under vacuum.  The resulting red powder was 
purified by column chromatography using hexanes/CH2Cl2 (80:20) as the eluent.  The second band 
was Fe2(pdt)(CO)5(κ
1-PNH2).  IR (CH2Cl2, cm
-1) ʋCO = 2047 (s), 1984 (s), 1962 (sh), 1933 (w).  
31P NMR (202.4 MHz, CD2Cl2): δ 58.3 (1P, s).  
1H NMR (500 MHz, CD2Cl2): δ 7.79 (4H, m br); 
7.48 (6H, m br); 7.30 (1H, t); 7.18 (1H, t); 6.76 (2H, m br); 4.02 (2H, s, NH2); 1.82 (2H, m); 1.42 
(2H, m); 1.24 (2H, m).  Anal. Calcd for C26H22Fe2NO5PS2•0.5H2O (found): C, 48.47 (48.41); H, 
3.6 (3.26); N, 2.17 (2.22). 
HFe2(pdt)(CO)2(κ2-PNH2)(κ2-PNH) ([H1H]0).  A solution of Fe2(pdt)(CO)6 (102 mg, 
0.264 mmol) and PNH2 (149 mg, 0.537 mmol) in toluene (100 mL) was irradiated at 365 nm for 
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3.5 h.  Within 30 min., the formation of Fe2(pdt)(CO)5(κ
1-PNH2) (ʋCO = 2047, 1984, 1933, 1962 
cm-1) was detected.  A second intermediate (ʋCO = 1996, 1952, 1933 cm
-1), proposed to be 
Fe2pdt(CO)4(κ
2-PNH2) was also detected in small quantities.  A continuous gentle flow of nitrogen 
through the flask was maintained to remove CO.  The resulting red/brown colored solution was 
filtered, and solvent was removed from the filtrate.  The residue was dissolved in dichloromethane 
(1.5 mL), and the extract was layered with pentane (40 mL), to give brown microcrystals of 
[H1H]0.  Yield: 195 mg (89%).  IR (THF, cm-1) ʋCO = 1928 (s), 1919 (s).  
31P NMR (202.4 MHz, 
CD2Cl2): δ 73.2 (2P, s).  
1H NMR (500 MHz, CD2Cl2): δ 7.82 (4H, m br); 7.49 (6H, m br); 7.40 
(4H, m); 7.35 (2H, m); 7.23 (2H, m br); 7.11 (2H, m br); 7.04 (4H, m br); 6.82 (2H, m br); 6.61 
(2H, m br); 2.95 (1H, s br, NH); 2.28 (2H, m); 2.19 (2H, m); 2.00 (2H, m); 1.11(2H, s br, NH); -
5.38 (1H, t, JH-P = 27 Hz, Fe2H).  Anal. Calcd for C41H38Fe2N2O2P2S2•0.5CH2Cl2 (found): C, 57.23 
(57.66); H, 4.6 (4.51); N, 3.22 (3.04). 
[HFe2(pdt)(CO)2(κ2-PNH2)2]BF4 ([H21H]BF4).  Solutions of [H1H]0 (15.5 mg, 18.7 
µmol) in CH2Cl2 (2 mL) and [HOEt2]BF4 (3.0 μL, 22.1 µmol) in CH2Cl2 (1 mL) were combined.  
After stirring for 10 min., the mixture was treated with cold pentane (20 mL), resulting in 
precipitation of a dark red powder, which was washed with pentane to give [H21H][BF4] (16.6 mg, 
90%).  IR (THF) νCO = 1935 (s) 1944 (s).  
31P NMR (202.4 MHz, CD2Cl2): δ 71.6 (2P, s).  
1H 
NMR (500 MHz, CD2Cl2): δ 7.90 (4H, m, PhP); 7.57 (16H, m, Ph); 7.06 (8H, m, P(C6H4)N); 3.19 
(2H, s, NH); 2.44 (2H, m, SCH2); 2.31 (2H, m, CH2CH2CH2); 2.19 (2H, m, SCH2); 1.14 (2H, s, 
NH); -6.51 (1H, t, Fe2H).  Anal. Calcd for C41H39Fe2N2O2P2S2BF4•1.5CH2Cl2 (found): C, 50.24 
(49.88); H, 4.63 (4.24); N, 2.58 (2.82). 
  [HFe2(pdt)(CO)2(κ2-PNH2)2]BArF4 ([H21H]BArF4).  A stirred solution of [H1H]0 (24.8 
mg, 29.9 µmol) in CH2Cl2 (2 mL) was treated with [H(Et2O)2]BAr
F
4 (27.5 mg, 31.8 µmol).  There 
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was an immediate color change from dark brown to wine red.  After 10 min, ~ 20 mL pentane was 
added.  After 1 h, the dark red solid precipitate was collected and dried under vacuum to yield 
[H1H][BArF4] (22.7 mg, 45%). IR (THF) νCO = 1942 (s br).  
31P NMR (202.4 MHz, CD2Cl2): δ 
70.38 (2P, s).  1H NMR (500 MHz, CD2Cl2): δ 7.90 (4H, m, PhP); 7.72 (8H, s, BAr
F); 7.66 (2H, 
m, P(C6H4)N); 7.60-7.52 (10H,m); 7.49 (4H, m, PhP); 7.36 (2H, m, P(C6H4)N); 7.12 (4H, m, PhP); 
7.05 (4H, m, PhP); 6.88 (2H, m, P(C6H4)N); 3.02 (2H, d, JH-H = 13 Hz, NH); 2.41 (2H, m, SCH2); 
2.30 (2H, p, JH-H= 6Hz, CH2CH2CH2); 2.21 (2H, m, SCH2); 1.40 (2H, d (2H, d, JH-H = 13 Hz, NH); 
-6.45 (1H, t, JH-P = 27 Hz, Fe2H).  Anal. Calcd for C73H51BF24Fe2N2O2P2S2 (found): C, 51.8 
(52.01); H, 3.04 (3.4); N, 1.65 (1.77). 
[K(18-Crown-6)][HFe2(pdt)(CO)2(κ2-PNH)2] ([K(18-Crown-6)][1H]). A solution of 
[H1H]0 (17.0 mg, 20.5 µmol) and 18-crown-6 (5.8 mg, 22 µmol) in THF (1 mL) was treated with 
potassium tert-butoxide (2.5 mg, 22 µmol).  The initial slurry was agitated for a few min. to give 
a homogeneous solution.  Solvent was removed under vacuum, and the residue was washed with 
pentane to give [K(18-crown-6)][1H].  IR (THF) ʋCO = 1909 (s), 1900 (s).  NMR spectra of [K(18-
crown-6)][1H] were obtained by performing the above reaction in d8-THF (0.6 mL) in a Young's 
tap NMR tube as this was found to give superior spectra.  Thus, the spectra also contained 
resonances assigned to tert-butyl alcohol at δ 3.22 and 1.14. 31P NMR (202.4 MHz, d8-THF): δ 
73.9 (2P, s).  1H NMR (500 MHz, d8-THF): 7.82 (4H, m); 7.64 (4H, m); 7.4-7.2 (6H, m); 6.97 
(6H, s br); 6.77 (2H, m); 6.45 (2H, m); 5.96 (2H, m); 5.71 (2H, m); 3.57 (24H, s br); 2.18 (2H, m); 
2.08 (2H, m); 1.88 (2H, m); 0.63 (2H, s br); -4.81 (1H, t, JH-P = 26 Hz, Fe2H). 
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2.10 Supporting Information 
 
Figure 2.16.  ORTEP of [H1H]0 in orientation B with ellipsoids drawn at 50% probability level 
demonstrating hydrogen bonding between an oxygen, O3, from THF to the exo 
amine proton, H4-N1.  For clarity selected H atoms and the C5H5 of the phenyl 
groups were removed. 
 
Figure 2.17.  31P NMR spectrum of HFe2(pdt)(CO)2(PNH)(PNH2) ([H1H]
0) in CD2Cl2 (202.4 





Figure 2.18.  1H NMR spectrum of HFe2(pdt)(CO)2(PNH)(PNH2) ([H1H]
0) in CD2Cl2 (TMS, 
500 MHz) at -48 ºC.  Note: The methylene signals from the propanedithiol 






Figure 2.19.  31P NMR spectrum of [HFe2(pdt)(CO)2(PNH2)2]BF4 ([H21H]BF4)
 in CD2Cl2 (202.4 
MHz) at 20 ºC.  Assignments: δ 31P NMR (202.4 MHz, CD2Cl2): δ 71.6 (2P, s). 
 
 





 in CD2Cl2 





Table 2.2.  Comparison of select bond angles from the crystal structures of [H1H]0 of 
[H21H]BF4. 
 
Angle [H1H]0 Angles (ᵒ) [H21H]BF4 Angles (ᵒ) 
C1-Fe1-N1 97.37(8) 92.75(8) 
C1-Fe1-P1 91.15(6) 91.90(6) 
N1-Fe1-P1 85.34(5) 86.02(5) 
C1-Fe1-S1 97.68(6) 103.08(6) 
N1-Fe1-S1 164.68(5) 89.28(5) 
P1-Fe1-S1 97.188(18) 164.50(2) 
C1-Fe1-S2 94.89(6) 100.86(7) 
N1-Fe1-S2 90.13(5) 166.20(5) 
P1-Fe1-S2 172.869(19) 95.72(3) 
S1-Fe1-S2 85.767(18) 85.45(3) 
C2-Fe2-P2 92.45(6) 91.57(7) 
C2-Fe2-N2 88.08(8) 96.48(8) 
P1-Fe1-H1 92.3(8) 86.9(9) 
C1-Fe1-H1 175.5(8) 177.9(9) 
S2-Fe1-H1 81.8(8) 80.9(9) 
N2-Fe2-H1 85.3(7) 88.1(9) 
S1-Fe2-H1 76.9(7) 78.7(9) 
S2-Fe2-H1 80.7(7) 80.5(9) 
N2-Fe2-P2 84.16(6) 85.53(5) 
C2-Fe2-S2 105.93(6) 97.70(7) 
N2-Fe2-S2 165.93(5) 91.88(5) 
P2-Fe2-S2 93.740(18) 170.61(2) 
C2-Fe2-S1 102.93(6) 96.78(7) 
N2-Fe2-S1 92.78(5) 166.73(5) 
P2-Fe2-S1 164.224(19) 94.70(3) 
S2-Fe2-S1 85.473(18) 85.76(3) 
Fe2-S2-Fe1 71.251(15) 70.82(3) 
Fe1-S1-Fe2 71.247(14) 70.95(4) 
O1-C1-Fe1 176.79(17) 178.24(17) 
O2-C2-Fe2 174.52(18) 176.29(18) 
Fe1-H1-Fe2 103(1) 104.2(12) 
N1-Fe1-H1 85.8(8) 85.5(9) 
S1-Fe1-H1 79.1(8) 78.0(9) 
P2-Fe2-H1 87.4(7) 90.3(9) 
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CHAPTER 3: Stabilization of Terminal Hydride Using a Sterically Bulky Diiron 
Dithiolate†  
3.1  Introduction 
 Currently the hydrogenases (H2ases) are receiving much interest because these enzymes 
exhibit unusual and highly efficient pathways for activating and producing H2.
1–3  It is increasingly 
clear that the [FeFe]- and [NiFe]-H2ases operate via a series of one-electron transfers.  It is long 
assumed that all hydrogenases operate via the intermediacy of metal-hydrides,4 which are 
otherwise elusive in nature.5–8  Such intermediates have long been directly detected for the [NiFe]-
H2ases.
9  For the [FeFe]-H2ases, hydrides were initially spectroscopically implicated by the effect 
of H/D exchange on νCO bands in the FT-IR spectra.
10,11  The terminal hydrides have only recently 
been detected, first in mutant proteins12–14 and more recently in two native proteins (Scheme 3.1).15  
 
Scheme 3.1.  Proposed catalytic cycle of [FeFe]-H2ase enzymes including all states that have 
been identified in wild-type enzymes plus the proposed H2 adduct.
16  Terminal 
CO/CN ligands were omitted for clarity. 
For the investigation of iron hydrides, nuclear resonance vibrational spectroscopy (NRVS) 
is the premier technique14,17 and, in combination with density functional theory (DFT), was central 
























































Biomimetic terminal hydrides participate in two reactions that complicate their analysis.  
When the dithiolate is the azadithiolate (adt) cofactor (or its N-substituted derivatives), the hydride 
oscillates between attachment at Fe vs N.  This effect is illustrated by the case of [term-
HFe2(adt)(CO)2(dppv)2]
+ (adt = azadithiolate) where the tautomerization is affected by the nature 
and concentration of the counteranion.18  Regardless of the nature of the dithiolate bridge, terminal 
Fe-H hydrides tend to isomerize irreversibly to bridging Fe-H-Fe hydrides.1  We sought to suppress 
this reaction, since these bridging hydrides are not relevant to the biological function of [FeFe]-
H2ases.
19  
Many studies have been reported on diiron dithiolates with "rotated structures."  The 
rotated motif is readily achieved with mixed valence Fe(II)Fe(I) complexes, but Fe(I)Fe(I) 
compounds almost invariably adopt the C2v (idealized) structure (Scheme 3.2).  There has been 
some success in stabilizing rotated Fe(I)Fe(I) derivatives using bulky dithiolates, specifically the 
type R2C(CH2S
-)2 (R ≠ H).
20–23  In this work, we extend that concept showing that Me2C(CH2S
-)2 
also stabilize terminal hydride species, greatly slowing their isomerization to bridging hydrides.  
This approach worked so well that we proceeded to collect NRVS data on both the terminal and 
bridging hydrides.  These results are relevant to benchmarking recent NRVS results on the 
enzyme.15  
 
Scheme 3.2.   Compounds of the type Fe2[(SCH2)2X]L6 normally exist as symmetrical isomers, 
with idealized C2v structures.  They distort to rotated structures upon oxidation or, 















































3.2  Characterization of Fe2(Me2pdt)(CO)2(dppv)2 Using FT-IR and NMR Spectroscopy  
UV-irradiation of a solution of Fe2(Me2pdt)(CO)4(dppv)
20 and dppv efficiently gave 
Fe2(Me2pdt)(CO)2(dppv)2, [1]
0.  This compound was obtained as a dark green solid that is mildly 
sensitive to air and exhibits good solubility in several organic solvents.  The FT-IR spectrum 
revealed intense νCO bands at 1898 and 1865 cm
-1 that match well with those (1888, 1868 cm-1) 
for Fe2(pdt)(CO)2(dppv)2 (Figure 3.1).
24  





Figure 3.1. Comparison of FT-IR spectra of Fe2(Me2pdt)(CO)2(dppv)2 (blue) and 
Fe2(pdt)(CO)2(dppv)2 (red) dissolved in toluene.  The lower energy νCO is almost 
the same between the two samples.  The higher energy νCO is shifted in [1]
0 to 
higher energies (approx. 10 cm-1), possibly indicating slight differences in the 
electron density located on the irons.   
The 1H NMR spectrum of [1]0 shows a methylene signal at δ 1.23 which match those for 
Fe2(pdt)(CO)2(dppv)2.  The methyl resonance, a broad singlet, is found at δ -0.15 (Figure 3.2).   By 
contrast, the two Me resonances from the apical/basal and basal/basal isomers of 
Fe2(Me2pdt)(CO)4(dppv) absorb at δ 0.98 and 1.08, and the Me resonances of Fe2(Me2pdt)(CO)6 
absorb at δ 0.98.20  The upfield shift for the methyl 1H NMR signal [1]0 is attributed to ring current 




Figure 3.2. 1H NMR spectrum of Fe2(Me2pdt)(CO)2(dppv)2 ([1]
0) in CD2Cl2 (TMS, 500 MHz) at 
20 °C.  Assignments: δ = 7.71-7.27 (m, 44H, 40 x PhH and 2 x Ph2PCH=CHPPh2), 
1.33-1.25 (m, 4H, 2 x SCH2), 0.19 (br s, 6H, 2 x CH3). 
The room temperature 31P NMR spectrum of [1]0 consists of a singlet at δ 87.0 (Figure 
3.3).  At lower temperatures, this signal splits into two singlets, and below -90 ºC these singlets  
broaden further.  However, the signal for the methyl groups remains coalesced even at -90 ºC 
(Figure 3.4).  As mentioned in chapter 2, these mimics are dynamic in solution.  This explains 
why there is only one singlet in the 31P NMR at room temperature.  The bridgehead is flipping 
freely in solution (only one Me signal in the 1H NMR spectrum).  If the flipping motion was the 
only motion occurring, the apical and basal phosphines would be inequivalent.  However, the 
three L-type ligands are rotating on each of the irons in a turnstile mechanism that equilibrates 
the apical and basal phosphines (Scheme 3.3).  Both the flipping and the turnstile rotation occurs 
at room temperature, explaining the single 31P resonance.  As a sample of [1]0 was cooled, the 
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31P resonance broadens until splitting occurs between -20 °C and -26 °C (Figure 3.3).  The two 
31P resonances are distinct and sharp from -55 °C to -80 °C.  However, as mentioned above, at -
97 °C, the two resonances are broader; indicating that if it was possible to lower the temperature 
further, the flipping would halt.  The chemical shift difference for the 31P NMR signals in the 
slow exchange limit is δ 13.4, corresponding to 2707 Hz (202 MHz observing frequency).  The 
estimated 1H chemical shift difference between unique methyl signals is 2 ppm, corresponding to 
1000 Hz (500 MHz).  Therefore, the turnstile rotation of the two Fe(CO)(dppv) centers is slower 






















Figure 3.3. 202 MHz 31P{1H} NMR spectrum of Fe2(Me2pdt)(CO)2(dppv)2 ([1]
0) in CD2Cl2 
solution at various temperatures.  Assignments: δ = 98.40 (br s – apical phosphines), 













Figure 3.4.  500 MHz 1H NMR spectrum of Fe2(Me2pdt)(CO)2(dppv)2 ([1]
0) in CD2Cl2 at -90 °C.  
Assignments: δ = 7.85-7.95 (m, 44H, 40 x C6H5 and 2 x Ph2PCH=CHPPh2), 1.2 (br 









Scheme 3.3.   In solution, the L-type ligands of the rotate in a turnstile-type rotation around the 
iron.  This rotation equilibrates the apical and basal phosphines.  For clarity, only 
FeL3 is shown as rotating; however, both FeL3 are rotating in solution. 
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3.3  Structure of Fe2(Me2pdt)(CO)2(dppv)2   
The structure of [1]0, which crystallizes with a disordered molecule of CH2Cl2, was 
confirmed by X-ray crystallography.  The overall structure was similar to many Fe2(SR)2L6 species 
with an Fe-Fe bond distance of 2.594(1) Å (Figure 3.5).1  The crystallographic analysis reveals 
that the coordination sphere of one Fe is highly distorted.  In most compounds of the type 
Fe2(SR)2L6, terminal ligands on the two Fe centers are eclipsed (i.e., torsion angle of 0º), whereas 
in [1]0 the Papical-Fe-Fe-Papical torsion angle is 66.43°.
25  In the related diiron complex 
Fe2(Me2pdt)(CO)4(PMe3)2, the Papical-Fe-Fe-Papical torsion angle is 28.9º,
21 the smaller angle 
reflecting the diminished bulk of PMe3.  Since the νCO values for [1]
0 and Fe2(pdt)(CO)2(dppv)2 
match well (Figure 3.1),24 the distortion observed in the solid state appears not to predominate in 
solution. 
 
Figure 3.5.  Solid state structure of Fe2(Me2pdt)(CO)2(dppv)2 ([1]
0).  Disorder in the phenyl rings 






3.4  Synthesis of Labeled 57FeFe(Me2pdt)(CO)2(dppv)2   
 Also prepared in this work were 57Fe-labeled complexes, which are suitable for 
characterization by 57Fe-NRVS (see below).  To conserve on 57Fe, we targeted derivatives of [H1]+ 
where half of the iron was 57Fe (Scheme 3.4).  
 
Scheme 3.4.   Synthesis of 57FeFe(Me2pdt)(CO)2(dppv)2 ([
571]0) and its derivatives.  Ph groups on 
phosphorus were omitted for clarity.  ‘57’ shown in gray implies 50% 57Fe. 
 To prepare such "half-labeled" complexes, a 57Fe(II) dithiolate precursor was condensed with an 
unlabeled Fe(0) reagent.  The ferrous building block 57Fe(Me2pdt)(CO)2(dppv) was prepared in 
good yield by the reaction of 57FeCl2, dppv, and Li2Me2pdt under an atmosphere of CO.  Although 
Fe(Me2pdt)(CO)2(dppv) has not been reported, the closely related Ph2PC2H4PPh2-containing 
analogue is known.26  The 31P NMR spectrum indicates a pair of isomers in a ratio of 17:1.  The 
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most abundant isomer has trans carbonyls, while the other isomer carbonyls are cis and the 
diphosphine exhibits two 31P NMR signals (Figure 3.6).  
 
Figure 3.6.  202 MHz 31P{1H} NMR spectrum of 57Fe(Me2pdt)(dppv)(CO)2 in CD2Cl2 solution at room 
temperature.  Tentative assignments: δ 86.14 (w) and 59.80 (w) for unsymmetric 
isomer; 79.72 (s) for symmetric isomer. 
The trans:cis ratio for related but less bulky species Fe(pdt)(CO)2(dppv) is 4:1.
26  The trans isomer 
is apparently favored by the bulkiness of the Me2pdt
2- ligand.  IR spectra for 
57Fe(Me2pdt)(CO)2(dppv) and Fe(pdt)(CO)2(dppv) are indistinguishable (Table 3.1). 
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Table 3.1. Spectroscopic data for labeled and unlabeled Fe(dppv)(R2pdt)(CO)2, (dppv)(CO)Fe(µ-
Me2pdt)Fe(CO)3, (dppv)(CO)Fe(µ-Me2pt)Fe(CO)(dppv), [(t-H)(dppv)(CO)Fe(µ-
Me2pdt)Fe(CO)(dppv)]BF4 and [(µ-H)(dppv)(CO)Fe(µ-Me2pdt)Fe(CO)(dppv)]BF4 IR 
and 31P NMR spectra.  There is little change upon hemi-labeling these compounds 
indicating the electronics of the iron centers is unchanged. 
Complex νCO 31P NMR signals (δ, ppm) 















(d, JP-P = 22 Hz) 
87.34  
(d, JP-P = 22 Hz) 
Fe(Me2pdt)(CO)2(dppv) 
79.72 (d, JFe-P = 39 Hz) 
59.77 (dd, JFe-P = 36 Hz, JP-
P = 22 Hz)  
86.10 (dd, JFe-P = 36 Hz, JP-











79.8 (s, basal-basal) 
92.8 (s, apical-basal) 
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79.83 (m) (basal-basal) 





































 Treatment of 57Fe(Me2pdt)(CO)2(dppv) with Fe(bda)(CO)3
27 gave 
(CO)3Fe(Me2pdt)
57Fe(CO)(dppv) (bda= benzylideneacetone).   In this diiron compound, dppv 
remains exclusively coordinated to 57Fe as revealed by the observation of a doublet J(31P,57Fe) = 




Figure 3.7.  202 MHz 31P{1H} NMR spectrum of (dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)3 in CD2Cl2 
solution at room temperature.  Tentative assignments: δ 92.96 (s) for apical-basal 
dppv; 79.85 for basal-basal dppv. 
This result indicates the absence of scrambling of the diphosphine.  The use of 57Fe does not affect 
the electron density at the metal centers; the νCO stretches do not change between the labeled and 























Figure 3.8. FT-IR spectra of CH2Cl2 solutions of (dppv)(CO)
57Fe(Me2pdt)Fe(CO)3 and 
(dppv)(CO)Fe(Me2pdt)Fe(CO)3. 
UV-irradiation of a solution of this tetracarbonyl with dppv gave 57FeFe(Me2pdt)(CO)2(dppv)2 
([571]0).  The 31P NMR spectrum of [571]0 is characterized by a broad singlet at δ 87.2, which is 
similar in line-shape to that of unlabeled [1]0 (Figure 3.9). 
Figure 3.9.  202 MHz 31P NMR spectra of [571]0 and [1]0.  The impurity at δ 79.9 is unassigned. 
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3.5  Electrochemistry of [1]0   
Cyclic voltammetry studies on CH2Cl2 solutions of [1]
0 show a reversible oxidation at -
1.04 V (all potentials are referenced vs Fc+/0, Figure 3.10).  With a redox couple at -0.83 V, 
Fe2(pdt)(CO)2(dppv)2 is a poorer reductant than [1]
0 by ~210 mV.  This trend is consistent with 
steric stabilization of the oxidized product (see below), whose rotated geometry accommodates 
one of the methyl groups of the Me2pdt
2- ligand.  In the case of [Fe2(R2pdt)(CO)4(PMe3)2]
0/+, the 
effect of pdt2- vs Me2pdt
2- is very similar, 240 mV.28   



















Potential vs Fc+/0 (V)
FeIIFeI
 
Figure 3.10.  Cyclic voltammetry of dichloromethane solutions of [1]0.  Conditions: 1mM analyte, 
0.125 M [TBA]PF6, scan rate = 100 mV/s.   
3.6  Characterization of [Fe2(Me2pdt)(CO)2(dppv)2]+  
Oxidation of [1]0 with FcBF4 (Fc = [Fe(C5H5)2]
+) gave the mixed valence salt [1]BF4.  As 
for previously reported Fe(II)Fe(I) species, [1]+ is structurally related to the Hox state of [FeFe]-
H2ase.
12,29–35  [1]BF4 is analogous to [Fe2(pdt)(CO)2(dppv)2]
+.36  The IR spectrum has two νCO 
stretches: 1952 cm-1 and 1854 cm-1 (Figure 3.11).  The higher energy stretch indicates there is less 
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electron density on the irons than in [1]0.  The stretch at 1854 cm-1 is in a region where bridging 
CO’s are prevalent and suggests [1]BF4 adopts a rotated structure.  Crystallographic 
characterization of [1]BF4 confirmed that [1]
+ adopts the rotated structure characteristic of these 
mixed valence species (Figure 3.12).  One CO ligand is semi-bridging, with Fep-C and Fed-C 
distances: 2.461(2) and 1.790(6) Å, respectively.  The dppv bound to the rotated iron occupies 
dibasal positions, whereas the dppv ligand on the second iron (Fep) occupies an apical-basal 
configuration, reminiscent of the location of the two donor ligands on the proximal (Fep) Fe in the 
enzyme.  The Fe-P bonds are similar for Fep vs Fed (2.213(2)/2.243(2) vs 2.236(2)/2.254(1) Å, 
respectfully).  The crystal structure also reveals an interaction between one of the protons from a 









Figure 3.12.  Crystal structure of [Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([1]BF4) with thermal ellipsoids 
drawn at 50% probability level.  Hydrogen atoms and the counteranion are omitted. 
EPR spectra of [1]BF4 as a solution in toluene-THF were recorded at -150 and 30 ºC 
(Figure 3.13).  The low temperature spectrum is characteristic of an axial symmetry with g = 2.105 
and 2.013.  For both D. desulfuricans (Dd) H2ase and C. pasteurianum (Cp) H2ase I, g1 = 2.10 was 
reported, which is very similar to the g1 of [1]BF4 at 2.105.  The g3 value, 2.013, for [1]BF4 
however deviates from the g3 values for Dd H2ase and Cp H2ase I, 1.999 and 2.00, respectively.
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Compared to other synthetic Hox models, [1]BF4, g values match well with 
[Fe2(pdt)(CO)3(dppv)(Pi-Pr3)]BF4.
29  Hyperfine coupling, assigned to A(31P), is well resolved.  In 
the isotropic spectrum, a triplet is observed at giso = 2.045 with A(
31P) = 70 MHz.  The hyperfine 
splitting is similar with the spin residing on a single Fe(dppv) center.  No hyperfine coupling to 










Figure 3.13.  X-band EPR spectrum of [1]BF4 in 1:1 toluene-THF.   The top spectrum was 
recorded at -150 ºC and the bottom spectrum at 30 ºC. 
 
Cyclic voltammetry studies on CH2Cl2 solutions of [1]BF4 show two reversible redox 
events (Figure 3.14).  At more reducing potentials, there is a reversible reduction at -1.04 V, which 
matched the reversible event from Figure 3.10.  The second event at more oxidizing potentials 
occurs at 0 vs Fc0/+. Therefore, it is easy to reduce the FeIIFeII complex to the FeIIFeI species; 
however, it is harder to reduce this system back to the FeIFeI species. 
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Figure 3.14.  Cyclic voltammetry of a 1mM solution of [Fe2(Me2pdt)(CO)2(dppv)2]BF4 in 
dichloromethane, with 0.125 M [TBA]BF4 as an electrolyte.  A scan rate of 100 
mV/s was used.  The electrochemical event at 0 V vs Fc0/+ is the FeIIFeII/FeIIFeI 
redox couple.  The other electrochemical event at -1.04 V vs Fc0/+ is the 
FeIIFeI/FeIFeI event.  
3.7  Characterization of [t-HFe2(Me2pdt)(CO)2(dppv)2]+ 
Like related diiron(I) complexes,18 [1]0 is protonated by HBF4 to give a hydride complex 
(Scheme 3.4).  The salt [t-HFe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-H1]BF4) was isolated as a 
brown/green powder and characterized spectroscopically.  Its room temperature 31P NMR 




Figure 3.15. 202 MHz 31P NMR spectrum of [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-H1]BF4) in CD2Cl2 
at 20 °C.  Assignments: δ = 95.3 (s) and 68.7 (s) for apical-basal dppv; 87.2 (s) and 
80.4 (s) for basal-basal dppv. 
Indicating the low symmetry of the complex, the four resonances indicate apical-basal dppv on the 
proximal iron and a dibasal dppv on the FeH (Fed) center.  The location of the four phosphine 
ligands are similar for [1]BF4 and [t-H1]BF4, consistent with a biomimetic relationship between 
oxidized and protonated states.  Solutions of [t-H1]BF4 isomerize, albeit slowly, at room 
temperature (see isomerization section).  The slowness of this isomerization reflects the effect of 
steric congestion.39   The nature of the steric congestion was probed by 1D nuclear Overhauser 
effect (nOe) NMR spectroscopy (Figure 3.16).  Irradiation of the t-H signal at  -2.23 revealed 
interactions between the hydride and methyl protons ( and between the hydride and one aryl 
proton (.  Only the axial methyl interacts with the hydride.  The DFT-optimized 
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CHMeHtFed distance is ~ 1.7 Å.  Additionally, the hydride is also close to a pair of aryl protons 
on the distal dppv; the closest DFT-optimized CHAHtFed distance is ~ 2.3 Å (see Figure 3.22a 
and further details on the DFT modeling below).  
 
Figure 3.16.  1H NMR spectrum and nOe spectrum of [t-H1]BF4. 
3.8  Isomerization of [t-HFe2(Me2pdt)(CO)2(dppv)2]BF4 
As for all other examples of [t-HFe2(SR)2(CO)6-xLx]
+, [t-H1]+ isomerize irreversibly to a 
bridging hydride.40  The decay rate follows first order kinetics and was measured at various 
temperatures.   At room temperature (23 °C), the isomerization has a half-life of 5 hours (k = 5.15 




Figure 3.17.  Kinetic trace of [t-H1]+ isomerization to [µ-H1]+ as followed by 31P NMR 
spectroscopy at 23 °C.   
At warmer temperatures (37.9 °C), the half-life of isomerization has drastically shortened to 53 
min (k = 2.20 x 10-4 s-1) (Figure 3.18).  Raising the temperature by a further 2 degrees to 40.3 °C 








Figure 3.18.  Kinetic trace of [t-H1]+ isomerization to [µ-H1]+ as followed by 31P NMR 
spectroscopy at 37.9 °C. 
 






































Figure 3.19.  Kinetic trace of [t-H1]+ isomerization to [µ-H1]+ as followed by 31P NMR 
spectroscopy at 40.3 °C. 
In contrast, the isomerization of the unmethylated analogue [t-HFe2(pdt)(CO)2(dppv)2]
+ proceeds 
with a half-life of minutes at room temperature (k = 0.001 s-1).39  These disparate rates correspond 
to a difference in free energy of activation of about 1 kcal/mol. 
The final product of the isomerization of [t-H1]+ is the bridging hydride [µ-H1]+.  
Throughout the conversion a third hydride was observed, an intermediate in the isomerization.  Its 
chemical shift at δ -3.63 indicates that this intermediate is a terminal hydride.39,41  It is Cs-
symmetric as indicated by two 31P NMR signals (δ 79.9 and 72.7, see Figures 3.20 and 3.21).   























Figure 3.20.  1H NMR spectra for stages in the isomerization of [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]
+ 
to [µ-HFe2(Me2pdt)(CO)2(dppv)2]
+ in CD2Cl2 heated in an oil bath to 40 °C. 
 
Figure 3.21. 31P NMR spectra of isomerization of [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]
+ to [µ-
HFe2(Me2pdt)(CO)2(dppv)2]
+ in CD2Cl2 at 40 °C. 
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These chemical shifts are consistent with dibasal dppv ligands; in contrast, when dppv spans 
apical-basal sites, the apical phosphines typically absorb near δ 9039,41.  The intermediate is only 
observed during isomerization but does not accumulate.  It thus appears that [t-H1]+ converts to a 
second terminal hydride ([t-H1']+), which then converts to the μ-hydride (Scheme 3.5).   
 
Scheme 3.5.  Proposed pathway for the isomerization of [t-HFe2(Me2pdt)(CO)2(dppv)2]BF4 to [μ-
HFe2(Me2pdt)(CO)2(dppv)2]BF4 (Ph groups omitted for clarity). 
Previous DFT analysis indicated that only the Fe with the hydride twists via a Ray-Dutt 
mechanism to form the μ-hydride.42  Analysis of the isomerization of [t-HFe2(pdt)(CO)2(dppv)2]
+ 
revealed that the symmetric terminal hydride is approximately 3 kcal/mol higher in energy than 
the asymmetric analogue.41  Thus, it is proposed that the isomerization starts with a twist at the Fep 
center to give a Cs-symmetric terminal hydride species.  Subsequently, the Fed center rotates to 
give the μ-hydride.  These measurements provide evidence for involvement of the proximal (non-
hydride-containing) iron in the isomerization of the hydride.  The rotation of the Fed(CO)(dppv)H 
center to shift the hydride to the bridging site, also positions the dppvd ligand in an apical-basal 
position.42  By first forming [t-H1']+, the cation is pre-organized to generate the correct isomer of 
[µ-H1]+ wherein the hydride is trans to a CO ligand, a favored geometry.42  This result implies that 
the flexibility of Fep influences the isomerization of terminal to bridging hydrides.  A similar 
sequence of events was also seen in [t-HFe2(adt)(CO)2(PMe3)4]
+, where the kinetically favored 































 For the purpose of evaluating their vibrational spectra, [t-H571]BF4, [t-D
571]O2CCF3, [µ-
H571]O2CCF3, and [µ-D
571]O2CCF3 were analyzed.  CF3CO2D was selected as a convenient source 
of D+.  Deuteration was incomplete but sufficient for unambiguous assignments. 
3.9  DFT Modeling of the Structures and Energies of [t-H1]+ and [µ-H1]+   
Density functional theory (DFT) was applied to elucidate structures and relative energies 
of the terminal and bridging hydride species.  In absence of their structural determinations, X-ray 
data on a similar [t-HFe2(adt
NH2)(CO)2(dppv)2](BF4)2 complex
18 has been used to generate starting 
structures for the models, replacing the NH2 bridgehead to Me2pdt
2-.  The analysis included the 
two flippamers29 for the Me2pdt
2- bridgehead, denoted respectively as ‘d/p’ depending on its 
orientation towards either Fed/p.  The optimized structures of the 22=4 isomers are shown in 
Figures 3.22 and 3.23 along with their notations used below in the text.  Tables 3.2 and 3.3 provide 
the structural parameters of the di-iron cores and relative energies. 
Several computational schemes predict that the bridging hydride models [μd/p-H1]
+ are 5-
16 kcal/mol more stable compared to the terminal hydride models [td/p-H1]
+, regardless of the 
flippamer (Figure 3.22 and Table 3.3).  Earlier calculations on [FeFe]-H2ase indicated 8-16 
kcal/mol stabilization for the μ-H vs t-H species.15,44,45  Notably, the [td/p-H1]
+ models yield metal-
ligand distances Fed–Cμ= 1.8 Å and Fep–Cμ = 2.4-2.6 Å, which reproduce the markedly asymmetric 
character of the semi-bridging CO binding observed in model complexes and [FeFe]-H2ase active 
site.1  Moderate Fed/p–Hμ distance asymmetries within ~ 0.1 Å were obtained for the bridging 
hydride [μd/p-H1]
+ models.  For every isomer, the optimization produced two or three CHXHt/μ 
< 3 Å interactions involving hydride, where X implies alternatively alkyl protons of either –CH3 
(for [td-H1]
+) or –CH2– (for [tp-H1]
+) at Me2pdt
2-, and aryl protons (for all the hydride alternatives 
[t/μd/p-H1]




Figure 3.22. DFT-optimized structures of the terminal (a and b) and bridging (c and d) hydride 
isomeric species including their two d/p-flippamer (a and c / b and d, respectively) 
alternatives on the Me2pdt





+).  Important atomic labels are 
provided in (a) and (c).  The Ht/μ hydride site is highlighted as a blue sphere.  The 
CHXHt/μFed dihydrogen contacts within 3 Å are shown, with HX highlighted as 






Figure 3.23. DFT models of the terminal (a) and bridging (b) hydride isomeric species optimized 
using D3 dispersion interaction correction (see the DFT methods section).  The two 
d/p-flippamer alternatives on the Me2pdt bridge conformation are shown 





+) are indicated in the figure.  The Ht/μ hydride nuclei are shown as 
spheres, and the rest of the hydrogen nuclei were omitted for clarity.  Important 
atomic labels for the terminal and bridging species are shown respectively in (a) and 
(b).  Further structural details are provided in Table 3.2.  The relative energy ranges 
provided are based on the D3 energies in Table 3.3.  Cartesian coordinates of the DFT 




Computational analysis further revealed that the [td-H1]
+ flippamer is stabilized by 3-5 
kcal/mol compared to [tp-H1]
+.  This stabilization may arise in part from the CHMeHtFed ≈ 1.7 
Å interaction (Figure 3.22a).  Comparable interactions are invoked in isoelectronic [FeFe]-H2ase 
models which feature NHHFe distances of 1.4-2.0 Å.1,15  The optimized Fep–Cμ distance is 0.2 
Å shorter in [td-H1]
+ vs in [tp-H1]
+ (Table 3.2).  Overall these calculations underscore the 
sensitivity of the Fep–Cμ interactions to subtle changes elsewhere in the molecule, as well as to the 
DFT methodology applied.14  In contrast to [td/p-H1]
+, the flippamers [μd/p-H1]
+ of the bridging 
hydride isomer are predicted to be essentially equal in energy with the calculated energy gaps 
within 1.6 kcal/mol. 
3.10  NRVS and DFT Vibrational Characterization of [t-H1]+, [t-D1]+, [μ-H1]+, and [μ-D1]+   
With thermally stable 57Fe-labeled terminal diiron hydride and its bridging hydride isomer 
in hand in the forms of [t-H/D571]+ and [μ-H/D571]+, their 57Fe-H/D vibrational signatures were 
characterized by 57Fe NRVS.46,47  NRVS, which is sensitive only to the motion of 57Fe nuclei, are 
presented as 57Fe partial vibrational density of states (PVDOS) spectra.  NRVS data collected for 




3.24a,d and 3.25a-d) were interpreted using DFT-calculated 57Fe-PVDOS spectra (Figures 3.24b,e 
and S3.25a-d).  The analysis is facilitated by plotting the contributions of hydride vs deuteride to 
the normal mode energies, provided in Figures 3.24c,f, and 3.26b as DFT-based Ht/μ/Dt/μ-PVDOS.  
Normal modes having significant H/D-PVDOS are marked in Figures 3.24c,f and shown in Figure 























Figure 3.24. 57Fe-PVDOS vibrational spectra for the H/D-variants (correspondingly in blue/red) 
of the terminal [t-H/D571]+ (upper panel, a/b) and bridging [μ-H/D571]+ (lower panel, 
d/e) hydride species characterized by NRVS experiments (a,d) and DFT calculations 
(b,e).  The 10 intensity insets display the spectra > 620 cm-1. DFT-based stick-style 
spectra show PVDOS for the terminal Ht/Dt (c) and bridging Hμ/Dμ (f) hydrides, and 
257Fed/p (d,e) iron nuclei.  Dashed vertical line at ≈ 600 cm
-1 indicates the key 
difference between the [t-D571]+ and [μ-D571]+ spectra as explained in the text.  The 
labels (cm-1) indicate band positions (a,b,d,e) or individual normal mode frequencies 
(c,f).  Mode positions marked with thick dots (c,f) correspond to significant H–/D– 
hydride motions; arrow-style molecular representation of these modes is available in 
Figure 3.27.  See Figure 3.25 for alternative spectra arrangement and also DFT 57Fe-





Figure 3.25. 57Fe-PVDOS vibrational spectra for the H/D-variants (correspondingly in a,c/b,d) of 
the terminal [t-H/D571]+ (upper panel, a/b) and bridging [μ-H/D571]+ (lower panel, 
c/d) hydride species characterized by NRVS experiments (black) overlaid with the 
corresponding spectra based on the DFT calculations for the two d/p-conformers 
(magenta/green) of the Me2pdt
2- bridge (‘flippamers’) in the 0-900 cm-1 range.  The 
10 intensity insets display the spectra >630 cm-1.  Dashed vertical line at ≈ 600 cm-
1 indicates the key difference between the [t-D571]+ and [μ-D571]+ spectra as explained 





Figure 3.26. 57Fe (a), Ht/Dt (b), and HMe (c) -PVDOS spectra for the H/D-variants of the terminal 
[td-H/D
571]+ hydride species characterized by DFT calculations in the 0-900 cm-1 
range (see the structure and atom labels in Figure 3.22a).  Dashed vertical lines in 
corresponding colors indicates the key differences between the spectra as explained 
in the text, and.  Important band positions (cm-1) are labeled; animated 
representations of the corresponding vibrational modes are available in Supporting 
Information separately.  For the alternative representations of the spectral data 
shown in (a,b), see Figures 3.24b,c and 3.25a,b.  
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Collectively, weak 57Fe motion and higher frequencies make Fe-H vibrational modes 
particularly difficult to observe.  Additional challenging factors for NRVS presently included (i) 
only 50% enrichment with 57Fe which effects in higher noise level and (ii) incomplete deuteration 
(see above).  The DFT analysis considered the two Me2pdt
2- d/p-flippamer alternatives for both [t-
H571]+ and [µ-H571]+.  Here, we restricted our attention to the ≈ 600-800 cm-1 ‘active window’, 
mostly exclusive to the low-intensity NRVS bands based in the (57Fe-H/D) bending () 
vibrations.   
As seen in NRVS studies of related complexes,12,14,15,17,48–53 the spectra exhibit intense 
bands associated with mixed 57Fed/p-S/P/C modes < 470 cm
-1, and /(Fed/p-CO) stretching () and 
bending () modes in the ≈ 500-600 cm-1 region.  These higher intensity NRVS bands < 600 cm-1, 
dominated by motions of the 57Fe ligands heavier than hydrides, are discussed in Section 3.11. 
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Figure 3.27. Arrow-style molecular representation of selected normal modes having significant 
hydride motion character in the best-fit DFT models for the H/D-variants of the 
terminal [t-H/D571]+ (a/b) and bridging [μ-H/D571]+ (c/d) hydride species.  Red/blue 
coloring of labels and arrows corresponds to the H–/D– hydride isotope alternatives.  
The computed mode frequencies (cm-1) and the H/Dt/μ hydride nuclei displacement 
amplitudes (Å) are given.  The same modes are marked in the H/D-PVDOS spectra 




NRVS spectra for [t-H571]+ exhibit multiple features in the 700-800 cm-1 region (Figure 
3.24a) where our DFT calculations on [td-H
571]+ predict two well-defined (Fed-Ht) modes at 749 
and 789 cm-1 (Figures 3.24b,c and 3.27a) where Ht moves in two perpendicular directions; these 
modes bear both similarity and difference to the 57Fed-H bends characterized recently in [FeFe]-
H2ases (Figure 3.28 and Section 3.11).
14,15,54  The relative [t-H571]+ vs [t-D571]+ intensity levels 
observed in this region are however indicative to the isotope sensitivity, and regional maxima at 
723 (NRVS) vs 749 cm-1 (DFT) match their intensities relatively well.  The situation is quite 
different for [t-D571]+, producing a band at 601 cm-1 which is missing in the spectrum of [t-H571]+ 
(Figure 3.24a).  The DFT-calculated 57Fe-PVDOS for [td-D
571]+ predicts a matching band at 604 
cm-1 produced by modes at 599 and 606 cm-1, resulting from the coupled (Fed-Dt)/(Fe-CO) 
bending motions (Figures 3.24b,c and 3.27b).  The (Fe-D)/(Fe-CO) coupling is responsible for 
significant amplification of otherwise pure (Fe-D) mode intensities, well known to enhance the 
diagnostic power of NRVS on iron hydrides.14,15,54  In contrast with the 604 cm-1 band produced 
by [td-D
571]+, DFT modeling for another [tp-D
571]+ flippamer produces an additional band at 621 
cm-1 which does not fit the experiment (Figure 3.25b).  Among the two flippamer alternatives, the 
[td-D
571]+ modeling clearly provides a better fit to the observed NRVS data and therefore the d-
flippamer spectra were used as representative in Figure 3.24b; importantly, this preference is 
consistent with the computed [td/p-H
571]+ relative energies favoring [td-H
571]+, and the nOe 
experimental results on [t-H571]+ (see the previous sections and Table 3.3).  Interestingly, in spite 
of the tight CHMeHtFed ≈ 1.7 Å dihydrogen contact achieved in [td-H571]+ (Figure 3.22a), this 
interaction does not yield any significant vibrational coupling between the HMe and Ht nuclei 




Figure 3.28. Schematic arrow-style representation of the two perpendicular (57Fed-H) principal 
bending modes of terminal hydrides based on DFT modeling of 57Fe-NRVS spectra 
in the native [257Fe]H (a) and odt-substituted [2
57Fe-ODT]H (b) sub-clusters of the 
[FeFe]-H2ase in Hhyd(-A) state,
14,15 and in [td-H
571]+ (c) and [tp-H
571]+ (d) species from 
the present study.  The dithiolate bridgehead alternatives, 57Fed ligands, bridgehead 
proton (green sphere) to hydride (blue sphere) interactions, and lower/higher 
1/2(
57Fed-H) (correspondingly in light/dark blue) calculated mode frequencies (cm
-1) 
are given top-to-bottom.  While both dihydrogen interaction and vibrational coupling 
(for 2(
57Fed-H) = 749 cm
-1) are present in (a), it is only dihydrogen interaction that 
is present in (c), and no dihydrogen interactions are present in (b,d).       
For the bridging hydride complex, a doublet-feature is observed at 694/702 cm-1 in the 
spectrum of [μ-H571]+ (Figure 3.24d).  A similar doublet-feature is calculated at 670/687 cm-1 for 
[μp-H
571]+ (Figure 3.24e).  Mixed (Fed-Hμ-Fet) out-of-plane bending, or wagging (), modes 
absorb at these energies, see e.g. the calculated modes at 670 and 692 cm-1 indicated in Figure 7f 
and shown in Figure 3.27c.  In contrast, [μd-H
571]+ modeling produces a relatively pure (Fed-Hμ-
Fet) wag at 724 cm
-1 (Figure 3.25c), which is not consistent with the observed spectra.  The DFT 
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spectra for the bridging hydride species in Figure 3.24e therefore assumed presence of the p-
flippamer absorbing in the ≈ 600-800 cm-1 ‘active window’ (see Section 3.11). 
The [μp-D
571]+ model produces a red-shifted (Fed-Dμ-Fep) wag at 590 cm
-1 (Figures 3.24f 
and 3.27d), having its vibrational energy similar to the (Fed-Dt) bends from the [td-D
571]+ model 
as discussed above.  The (Fed-Hμ/Dμ-Fep) wags however contain much less H
–/D– vibrational 
energy (Figure 3.24c,f) and show smaller H–/D– displacements (Figure 3.27) as compared to the 
(Fed-Ht/Dt) bends, and therefore Hμ
–-to-Dμ
– exchange introduces only a minor perturbation of the 
(Fe-CO) bands for the bridging hydride isomer (Figure 3.24d,e).  DFT rationalizes this behavior 
as respectively stronger vs weaker involvement of the 57Fe nuclei in the (Fed-Ht/Dt) bending vs 
(Fed-Hμ/Dμ-Fep) wagging motion, consistent with ≈ 0.2 Å shorter Fe-H distances in [t-H1]
+ vs 
[μ-H1]+ (Table 3.2).  Calculations therefore rationalize the well-defined NRVS modification 
between the terminal and bridging species as exposed by the H–-to-D– isotope exchange, which is 
marked by a dashed red line at ≈ 600 cm-1 in Figure 3.24. 
Figure 3.24d reveals overlapping [μ-H571]+ and [μ-D571]+ NRVS features at 694/702 cm-1, 
consistent with the [μ-D571]CF3CO2 sample contamination by [μ-H
571]CF3CO2 as quantified by 
1H NMR (see above).  The corresponding 670-690 cm-1 doublet-features from the DFT modeling 





exchanges regardless of the flippamers, see Figures 3.24b,e and 3.25a-d.  The calculations indicate 
that these bands, protruding into the (57Fe-H) ‘active window’, are produced by many mixed 
modes of Me2pdt
2-, dppv, and aryl molecular fragments.  These modes overlap with the hydride 
motion only in [μp-H
571]+ (see the 670 and 692 cm-1 modes indicated in Figure 3.24f and shown 
in Figure 3.27c, and also discussion on (Fed-Hμ-Fep) above). 
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3.11  Additional NRVS and DFT Vibrational Characterization of [t-H571]+, [t-D571]+, [µ-
H571]+, and [µ-H571]+   
57Fe-PVDOS spectra based on the collected NRVS data and DFT calculations are discussed 
in the main text for the ≈600-800 cm-1 ‘active window’, containing the (Fed/p-H/D) bending 
modes of the hydride species.  The present section provides additional analysis of 57Fe-PVDOS 
outside the ‘active window’ region.   
3.11.1  >800 cm-1 Region   
The spectral features calculated at 817/825 cm-1 for [μd/p-D
571]+ (Figures 3.24e,f and 3.25d) 
are (Fed/p-Dμ) stretching () modes. The (Fed/p-Dμ) 
57Fe-PVDOS intensities are however 
comparable to the noise level of the NRVS experiment, and their vibrational energies are 
furthermore at the high-end of the data collected on the [μ-D1]+ sample. 
3.11.2  500-600 cm-1 Region   
The [μp-H/D
571]+ model produces a realistic splitting in the /(Fed/p-CO) 500-600 cm
-1 
region, 562/580 calculated for [μp-H
571]+ vs 535/574 observed for [μ-H571]+ (Figure 3.24 e vs d).  
In contrast, [μd-H/D
571]+ modeling (Figure 3.25c,d) effects in a consolidated band less consistent 
with the NRVS experiment.  This preference for the [μp-H/D
571]+ p-flippamer of the bridging 
hydride complex is consistent with the analysis of the (Fed-Hμ-Fep) wagging motion.  
Notably, models for [td-H
571]+ and [μp-H
571]+ reveal rocking (H-Fed-CO) hydride 
vibrations at 525 and 547 cm-1 (Figures 3.24c,f and 3.25a,c), in which both the terminal and 
bridging ligands trans to Fed remain essentially coplanar (with the planes respectively defined by 
Ht-Fed-Cμ and Ct-Fed-Hμ).  This type of rocking vibration has been identified earlier at ≈ 530 cm
-1 
by a joint application of NRVS and DFT in a trans-HFe(CO) iron hydride HFe(CO)(dppe)2 
synthetic model (dppe = 1,2-bis(diphenylphosphino)ethane).53  The rocking H-Fed-CO vibrations 
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have only small 57Fe-PVDOS intensities here, which appear as shoulders of the much higher 
intensity /(Fed/p-CO) bands (Figure 3.24b,e).  The nature of the rocking vibrations is therefore 
different from the (Fed-Ht) bends in the ≈ 600-800 cm
-1 ‘active window’; the latter can be 
qualified as scissoring (H-Fed-CO) vibrations.   
3.11.3  400-500 cm-1 Region   
Modes having notable Dt/μ
– deuteride motion are found in the broad 400-500 cm-1 region, 
e.g. at 422 cm-1 for [td-D
571]+ and at 458/464 cm-1 for [μd-D
571]+ (see Figures 3.24c,f, 3.25b,d, and 
3.26b), where they heavily couple to vibrations in the Me2pdt
2-, aryl rings, and dppv ligands.  These 
modes have only small 57Fe-PVDOS intensities and are poorly resolved by the H–-vs-D– exchange 
in both the calculated and observed spectra (Figure 3.24a,b,d,e). The 422/429 cm-1 bands 
calculated for [td-H/D
571]+ (Figure 3.24b) are however tentatively matched by the 419/435 cm-1 
bands observed in [t-H/D571]+ (Figure 3.24a). 
3.11.4  300-400 cm-1 Region   
Complex flippamer-dependent Me2pdt
2- bridgehead and dppv vibrations are present in the 
310-390 cm-1 region.  Here, the [tp-H/D
571]+ DFT models display a larger deviation to the observed 
[t-H/D571]+ data as compared to the [td-H/D
571]+ DFT models (see Figure 3.25a,b).  Specifically, 
the [tp-H/D
571]+ modeling produces an overhanging intensity band at 352 cm-1.  This analysis 
provides an extra support to the d-flippamer as the main conformer of the terminal hydride [t-H1]+ 
species. 
The band structure observed for the bridging hydride [μ-H571]+ sample in the 310-390 cm-
1 region is in a better agreement with the [μd-H/D
571]+ model, or d-flippamer (see Figure 3.25c,d).  
Specifically, the bands produced by the [μp-H/D
571]+ model at 354/389 cm-1 deviate noticeably 
from the band observed for [μ-H/D571]+ at 376 cm-1.  In view of the band analysis in the main text 
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and (ii) above supporting another flippamer, the representative DFT 57Fe-PVDOS spectra for the 
bridging hydride species in Figure 3.24e therefore assumed the presence of a mixture of 
flippamers, with [μd-H/D
571]+ absorbing <470 cm-1, and [μp-H/D
571]+ absorbing >470 cm-1.  Note 
that DFT predicts only a small energy difference within 1.6 kcal/mol between the two [μ-H1]+ 
flippamers (see Table 3.3), with preference to either [μd-H1]
+ or [μp-H1]
+ dependent on either 
exclusion or inclusion of the D3 dispersion interaction.  We note in passing that our earlier 
combined NRVS and DFT analysis of a bridging Ni(II)(µ-H)57Fe(II) hydride species [(dppe)Ni(µ-
pdt)(µ-H)Fe(CO)3]
+ (dppe = 1,2-Ph2PCH2CH2PPh2, pdt
2− = −SCH2CH2CH2S
−) indicated presence 
of two flippamers in the sample, with their predicted energy difference of ≈ 3 kcal/mol.17  
3.11.5  Vibrational Characterization of the CHMeHtFed Interaction in [td-H/D1]+   
The structural optimization of the [td-H1]
+ DFT model produced a favorable CHMeHtFed 
≈ 1.7 Å dihydrogen interaction reminiscent to the NHHFe interaction in [FeFe]-H2ase model 
systems (an even shorter CHMeHtFed ≈ 1.6 Å distance was obtained from calculations on [td-
H1]+ including the D3 dispersion interaction, see the DFT methods section).  Unspecific effects 
from the dihydrogen interaction can be traced in variation of the 57Fe-PVDOS spectra simulated 
for the two flippamers of the terminal hydride species, [td-H/D
571]+ (CHMeHt/DtFed interaction 
present, Figures 3.22a and 3.25a) vs [tp-H/D
571]+ (CHMeHt/DtFed interaction absent, Figures 
3.22b and 3.25a).  These simulated spectra comparison to the observed NRVS data indicated 
preference to the d-flippamer, see the main text and Figure 3.25a,b.   
While there is an apparent static effect from the CHMeHtFed interaction seen in the 
vibrational modes, its dynamic component can be determined from a HMeHt/Dt vibrational 
coupling of the two HMe and Ht/Dt hydrogen nuclei.  Interestingly, the modes having significant 
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Ht/Dt character (Figure 3.27a,b) display a lack of the HMe displacements (except that of the mode 
calculated at 422 cm-1 for [td-D
571]+, where the HMe motion is however produced by a larger scale 
Me2pdt
2- vibration).  A comparison of the HMe- and Ht/Dt-PVDOS spectra in respectively [td-
H/D571]+ lends a systematic approach to the HMeHt/Dt vibrational coupling localization.  This 
comparison, provided in Figure 3.26b,c, shows a lack of the cooperative HMe and Ht/Dt motions, 
specifically for the (Fed-Ht/Dt) modes > 500 cm
-1 that contain significant amount of the Ht/Dt 
vibrational energy.  The most notable yet a small difference produced by the Ht-to-Dt isotope 
exchange ([td-H
571]+ vs [td-D
571]+) to HMe-PVDOS is found at ≈ 350 cm
-1: while an in-plane 
(CH3-C-CH3) bending in Me2pdt
2- is coupled to the Dt motion in a mode at 352 cm
-1, this coupling 
is essentially eliminated in a 355 cm-1 mode of the Ht-variant, see Figure 3.26c.  Unlike the 
reminiscent NHHFed ≈ 2.0 Å dihydrogen interaction recently characterized by NRVS and DFT 
in the Hhyd state of [FeFe]-H2ase,
15 the CHMeHtFed ≈ 1.7 Å interaction in [td-H1]+ therefore 
deficits in coupling between the two HMe and Ht hydrogen nuclei motions.  Notably, a mode 
calculated at 900 cm-1 shows a significant amount of HMe-PVDOS due to admixture of the (C-C-
HMe) bending (Figure 3.26c); this mode at 900 cm
-1 is however too distant from the higher energy 
(Fed-Ht) motion at ≈ 800 cm
-1 to yield the CHMeHtFed vibrational coupling. 
The [2Fe]H sub-cluster core in the Hhyd state of [FeFe]-H2ase has an approximate mirror 
symmetry with respect to reflection in the plane formed by the Fep, Fed, and H
– sites (and the 
bridgehead centroid), and the calculated (57Fed-H) vibrations, confirmed by the 
57Fe-NRVS 
experiments,14,15 displayed respectively in- and out-of-plane H– motion; in the CS point group 
framework, these normal modes correspond to irreducible representations A' (symmetric) and A'' 
(antisymmetric), see Figure 3.28a,b.  Ht moves in two perpendicular directions as well in the two 
principal (57Fed-Ht) modes of [td/p-H
571]+, however the pseudo-symmetry planes become defined 
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by the S/P ligands to Fed and, in effect, rotated by ≈ 45º, see Figures 3.27a and 3.28c,d (and the 
corresponding spectra in Figure 3.24b,c and 3.25a).  Interestingly, coupling between the (57Fed-
Dt) and (Fe-CO) modes in [td/p-D
571]+, see Figure 3.27b, ‘restores’ the Dt motion symmetry alike 
to that in the [2Fe]H sub-cluster. 
3.12  Conclusions 
 In this work, a sterically congested diiron hydride complex was prepared as a model for a 
diferrous hydride state of the [FeFe]-hydrogenases.  The steric effects were introduced by 
combining a pair of dppv ligands and 2,2-dimethylpropane-1,3-dithiolate.  Furthermore, the 
preparative methods were adapted to allow introduction of 57Fe for NRVS analysis.  The 
considerable steric effects are manifested at many stages in the chemistry: ring current effects are 
seen in the 1H NMR spectrum of [1]0, the 210 mV greater reducing power for [1]0, the enhanced 
stability of [1]+, the nOe interaction between the hydride, dithiolate, and diphosphine in [t-H1]+, 
the slow isomerization of [t-H1]+, and the detection of its second isomer [t-H1']+.  The latter 
species served as precursor to the bridging hydride [μ-H1]+ isomer, predicted by DFT to be 5-16 
kcal/mol more stable than [t-H1]+.  
Owing to their thermal stability, the salts of respectively [t-H571]+ and [μ-H571]+ are well 
suited for their comparative assessment by NRVS spectroscopy.  The Fe-H/D NRVS bands in the 
≈ 600-800 cm-1 ‘active window’, in spite of their inherently low intensities, reveal important 
chemical information when rationalized by DFT modeling.  The combined application of NRVS 
and DFT clearly discriminated between the terminal vs bridging hydride isomeric species that 
differ by the 1st-shell ligands arrangement to the diiron core.  The 720-800 cm-1 bands produced 
by two perpendicular bending (Fe-H) motions in [t-H571]+ are twice as intense as the 670-700 
cm-1 bands produced by wagging (Fe-H-Fe) motion in [μ-H571]+.  For the deuteride samples, the 
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higher NRVS intensity (Fe-CO) bands at ≈ 600 cm-1 are noticeably perturbed in [t-D571]+, but not 
in [μ-D571]+.  Analogous NRVS fingerprints supported our assignment of the catalytic Hhyd state 
in [FeFe]-H2ase to the terminal Fed(II)-H hydride species, see ref. 15 (specifically, Figure S15).  
The (Fe-H) NRVS bands around 750 cm-1 have been indicated in Hhyd as well by an independent 
DFT modeling.54  Using techniques different than NRVS, others proposed bridging hydrides (Fep-
H-Fed) for the Hsred and Hred states.
7,19  
Analysis of the (Fe-H/D) and (Fe-H/D-Fe) bands for [t-H/D571]+ and [μ-H/D571]+ gave 
insights into the orientation of the Me2pdt
2- bridge.  The 57Fe-PVDOS spectral signatures for the 
terminal vs bridging hydride isomers are distinctive because of the presence or absence of HXHt/μ 
interactions.  From the NRVS data, one can infer a considerable level of structural insight.  
Consistent with the NRVS and nOe experiments rationalized by the DFT calculations, a closed 
CHMeHtFed ≈ 1.7 Å contact is stabilized in the best-fit conformer of [t-H1]+.  The CHMeHtFed 
interaction is reminiscent of the NHHFed ≈ 2.0 Å dihydrogen interaction characterized recently 
for the Hhyd hydride state of [FeFe]-H2ase.
15  In contrast to [t-H1]+, the dihydrogen interaction in 
the catalytic Hhyd state additionally exhibits vibrational coupling between the two H nuclei. 
3.13  Experimental 
 Reactions and manipulations were performed using standard Schlenk techniques or in a 
nitrogen atmosphere glove box.  HPLC-grade solvents were dried by filtration through activated 
alumina or distilled under nitrogen over an appropriate drying agent and then used.  ESI-MS data 
for compounds were acquired using a Waters Micromass Quattro II spectrometer.  1H NMR (500 
MHz) and 2H NMR (600 MHz) spectra were referenced to residual solvent relative to TMS. 
31P{1H} NMR (202 and 242 MHz) spectra were referenced to an external 85% H3PO4.  Chemical 
shifts are reported for room temperature in the δ scale.  FT-IR spectra were recorded on a Perkin-
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Elmer 100 FT-IR spectrometer.  Crystallographic data for compounds [1]0 and [1]BF4 was 
collected using a Siemens SMART diffractometer equipped with a Mo-Kα source (λ = 0.71073 Å). 
Cis-1,2-bis(diphenylphosphino)ethylene (dppv) and HBF4•Et2O solution were purchased from 
Aldrich.  The compounds Me2pdtH2,
55 Fe2(Me2pdt)(CO)6 and Fe2(Me2pdt)(CO)4(dppv) were 
prepared according to literature procedures.20,28  
Fe2(Me2pdt)(CO)2(dppv)2 ([1]0).  Method 1: A mixture of Fe2(Me2pdt)(CO)4(dppv) (113 
mg, 0.15 mmol) and dppv (60 mg, 0.15 mmol) was dissolved in 100 mL of toluene in Pyrex 
Schlenk tube.  The reaction mixture was irradiated with a 100 W UV immersion lamp (λmax = 356 
nm, Spectroline) until the reaction was completed (~25 h) as indicated by FT-IR spectroscopy.  
After solvent was removed under vacuum, the residue was extracted into 5 mL of CH2Cl2.  The 
filtered extract was layered with 50 mL of pentane, and this mixture was stored at -35 ºC overnight.  
The product was precipitated as a greenish-black solid.  Yield: 103 mg (63%).  1H NMR (500 
MHz, CD2Cl2): δ 7.71-7.27 (m, 44H, C6H5 and =CH), 1.33-1.25 (m, 4H, SCH2), -0.19 (br s, 6H, 
CH3).  
31P{1H} NMR (CD2Cl2): δ 87.2.  FT-IR (CH2Cl2): νCO 1898 (vs), 1865 (vs) cm
-1.  ESI-MS: 
m/z 1094.1 [M]+ (Calcd 1094.1).  Anal. Calcd for C59H54Fe2O2P4S2•2CH2Cl2 (found): C, 57.93 
(58.08); H, 4.62 (4.64). 
Method 2: A solution of Fe2(Me2pdt)(CO)6 (83 mg, 0.20 mmol) and dppv (158 mg, 0.40 mmol) in 
100 mL of dry toluene was irradiated with a LED lamp (λmax = 356 nm).  The reaction was complete 
in ~ 7 h, as indicated by FT-IR spectroscopy.  Solvent was removed under vacuum, and the residue 
was extracted into 5 mL of CH2Cl2.  The filtered extract was layered with 100 mL of hexane, and 
the mixture was allowed to stand at -35 ºC overnight.  The product precipitated as a greenish-black 
solid. Yield: 170 mg (78%). 
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 [Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([1]BF4).  A dark green solution of 
Fe2(Me2pdt)(CO)2(dppv)2 (33 mg, 0.030 mmol) in 2 mL of CH2Cl2 was treated at -40 °C with 
FcBF4 (9 mg, 0.033 mmol) in 3 mL of CH2Cl2. The reaction mixture was stirred at -40 °C until 
the reaction was completed (5 min) as indicated by FT-IR spectroscopy.  The resulting solution 
was then layered with 25 mL of hexane, which was allowed to stand at -35 °C overnight.  The 
product precipitated as blue-black needle-like crystals.  Yield: 27 mg (77%).  FT-IR (CH2Cl2): νCO 
1952 (vs), 1854 (s) cm-1.  1H NMR (500 MHz, CD2Cl2): δ = 9.40-6.80 (m, 55H, C6H5, 
Ph2PCH=CHPPh2), 1.26 (m, 4H, 2 x SCH2), -2.07 (br s, 6H, 2 x CH3).   Anal. Calcd for 
C59H54BF4Fe2O2P4S2.CH2Cl2 (found): C, 56.9 (57.22); H, 4.46 (4.43). 
 [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-H1]BF4). A dark green solution of 
Fe2(Me2pdt)(CO)2(dppv)2 (33 mg, 0.030 mmol) in 5 mL of CH2Cl2 or ether was treated at 0 °C 
with HBF4•Et2O (6.3 μL, 0.045 mmol). This species was not formed when THF was used as the 
solvent. The reaction mixture was stirred at 0 °C until the reaction was completed (10 min) as 
indicated by FT-IR spectroscopy.  The resulting solution was then layered with 50 mL of hexane, 
which was allowed to stand at -35 °C overnight.  The product, a greenish-black solid, was stored 
at -35 °C in the glovebox.  Yield: 15 mg (42%).  1H NMR (500 MHz, CD2Cl2): δ 8.22-6.73 (m, 
44H, C6H5 and =CH), 1.59-1.27 (m, 4H, SCH2), 0.50, 0.03 (s, s, 6H, CH3), -2.23 (t, JPH = 81 Hz, 
1H, (t-H)Fe).  31P{1H} NMR (CD2Cl2, 20): δ 95.3 (s), 87.2 (s), 80.4 (s), 68.7 (s).  FT-IR (CH2Cl2): 
νCO 1964 (vs), 1889 (s) cm
-1.  ESI-MS: m/z 1095.1 [M-BF4]
+ (Calcd 1095.1). Anal. Calcd for 
C59H55BF4Fe2O2P4S2•2.5CH2Cl2 (found): C, 52.95 (53.01); H, 4.34 (4.38).  
 [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-H1]BF4).  A dark green solution of 
Fe2(Me2pdt)(CO)2(dppv)2 (44 mg, 0.040 mmol) in 5 mL of CH2Cl2 was treated at room 
temperature with HBF4•Et2O (8.4 μL, 0.060 mmol). The reaction mixture was stirred at room 
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temperature until the reaction was completed (~41 h) as indicated by FT-IR spectroscopy.  After 
solvent was removed, the residue was washed with 2 x 10 mL of Et2O and dried under vacuum. 
The product was obtained as a brown-red solid.  Yield: 35 mg (72%). 1H NMR (500 MHz, 
CD2Cl2): δ 8.08-6.67 (m, 44H, C6H5 and =CH), 2.57-1.37 (m, 4H, SCH2), 1.15, 0.20 (s, s, 6H, 
CH3), -14.70 (m, 1H, Fe(μ-H)Fe).  
31P{1H} NMR (CD2Cl2, 20
oC): δ 86.8 (s), 81.3 (s), 78.5 (s), 
72.5 (s).  FT-IR (CH2Cl2): νCO 1974 (broad), 1952 (vs) cm
-1.  ESI-MS: m/z 1095.3 [M-BF4]
+ (Calcd 
1095.1).  Anal. Calcd for C59H55BF4Fe2O2P4S2•1.5CH2Cl2 (found): C, 55.47 (55.73); H, 4.46 
(4.85).  The isomerization of [t-H1]+ to [µ-H1]+ was followed at 40.3 °C using 31P NMR 
spectroscopy.  Tri-p-tolyphosphine was used as an integration standard.  
 [(t-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-D1]BF4).  A dark green solution of 
Fe2(Me2pdt)(CO)2(dppv)2 (55 mg, 0.050 mmol) in 5 mL of CH2Cl2 was treated at 0 °C with D2O 
(9.0 μL, 0.050 mmol) followed by HBF4•Et2O (11.0 μL, 0.075 mmol). The reaction mixture was 
stirred at 0 °C until the reaction was completed (10 min) as indicated by FT-IR spectroscopy.  The 
resulting solution was then layered with 50 mL of Et2O, which was allowed to stand at -35 °C 
overnight.  The product, precipitated as a greenish-black solid, was stored at -35 °C in the 
glovebox.  Yield: 35 mg (59%).  The deuteration was not fully complete indicated by a small t-H 
signal at δ -2.23.  1H NMR (500 MHz, CD2Cl2): δ 8.22-6.73 (m, 44H, C6H5 and =CH), 1.57-1.27 
(m, 4H, SCH2), 0.49, 0.02 (s, s, 6H, CH3), -2.23 (t, JPH = 80 z, 0.3H, (t-H)Fe).  
2D NMR (600 
MHz, CH2Cl2): δ -2.14 (t, JPD = 12.4 Hz, (t-D)Fe).  
31P{1H} NMR (CD2Cl2): δ 95.2 (s), 87.3 (2 x 
br d), 80.6 (2 x br d), 68.7 (s).  FT-IR (CH2Cl2): νCO 1964 (vs), 1890 (s) cm
-1.  ESI-MS: m/z 1096.2 
[M-BF4]
+ (Calcd 1096.2). 
 [(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-D1]BF4). A dark green solution of 
Fe2(Me2pdt)(CO)2(dppv)2 (33 mg, 0.030 mmol) in 5 mL of CH2Cl2 was treated at room 
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temperature with D2O (5.4 μL, 0.300 mmol) followed by HBF4•Et2O (12.6 μL, 0.090 mmol).  The 
mixture was stirred at room temperature until the reaction was completed (~52 h) as indicated by 
FT-IR spectroscopy.  The resulting solution was then layered with 25 mL of hexane, which was 
allowed to stand at -35 °C overnight.  The product was obtained as a brown-red solid. Yield: 20 
mg (56%).  The deuteration was not fully complete indicated by a small µ-H signal at δ -14.8.  1H 
NMR (500 MHz, CD2Cl2): δ 8.08-6.68 (m, 44H, C6H5 and =CH), 260-1.37 (m, 4H, SCH2), 1.15, 
0.21 (s, s, 6H, CH3), -14.74 (m, 0.3H, Fe(μ-H)Fe).  
2D NMR (600 MHz, CH2Cl2): δ -14.8 (s, Fe(μ-
D)Fe).  31P{1H} NMR (CD2Cl2): δ 86.8 (s), 81.2 (s), 78.4 (2 x br s), 72.5 (s).  FT-IR (CH2Cl2): νCO 
1974 (broad), 1952 (vs) cm-1.  ESI-MS: m/z 1096.1 [M-BF4]
+ (Calcd 1096.1). 
  57FeCl2.  To a solution of 57Fe powder (250 mg, 4.39 x 10-3 mol) in MeOH (1.6 mL) was 
added conc. HCl (12 M, 1.6 mL, 1.92 x 10-2 mol).  The reaction was stirred under nitrogen at room 
temperature for 2 h.  The solvent was then removed under vacuum.  The residual white powder 
was dried further by heating under vacuum overnight.  The product was used without purification.  
Yield: 544 mg (97 %).   
57Fe(Me2pdt)(dppv)(CO)2.  A 100-mL Schlenk flask, equipped with a magnetic stir bar, 
was charged with 57FeCl2 (544 mg, 4.25 x 10
-3), dppv (1.69 g, 4.25 x 10-3) and THF (30 mL).  The 
reaction mixture was placed under an atmosphere of CO, and the reaction stirred at room 
temperature for 2 h.  A solution of Me2C(CH2SLi)2 (4.25 x 10
-3 mol) in THF (10 mL) was 
generated by treating Me2C(CH2SH)2 (576 mg, 4.25 x 10
-3 mol) with 4.25 mL of a 1 M solution 
of BuLi in hexane.  This mixture was diluted with MeOH (10 mL) before cannula-transferring to 
the 57FeCl2/dppv mixture.  The mixture was stirred at room temperature for 12 h.  A dark red, 
heterogeneous solution formed.  The solvents were removed under vacuum, and the residual solid 
was purified by column chromatography.  Elution with CH2Cl2 gave a yellow band that was 
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discarded.  Subsequent elution with a 5:1 mixture of CH2Cl2 and Et2O gave a red band containing 
the product.  Yield: 719 mg (26 %).  IR spectrum (CH2Cl2): νCO = 2014, 1975 cm
-1.  31P{1H} NMR 
(CD2Cl2): δ 86.1 (dd, J = 35.8, 21.6 Hz), 79.7 (d, J(
57Fe)  = 38.5 Hz) 59.8, (dd, J = 35.4, 21.6 Hz); 
ratio 1:17:1.  1H NMR (500 MHz, CD2Cl2): δ 7.96 (d, J = 11.3 Hz, 1H), 7.87 (d, J = 10.7 Hz, 1H), 
7.72 – 7.63 (m, 6H), 7.44 (q, J = 7.7 Hz, 10H), 2.19 (m, 4H), 0.98 (m, 6H). 
(dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)3. A toluene (25 mL) solution of 
57Fe(Me2pdt)(dppv)(CO)2 (719 mg, 1.12 x 10
-3 mol) was treated with a toluene solution of 
Fe(bda)(CO)3
27 (322 mg, 1.12 x 10-3 mol).  The reaction was stirred at room temperature for 16 h, 
at which point IR spectroscopy indicated that the reaction was complete.  The solution was filtered 
through Celite, and the solvent removed under vacuum.  The residual solid was rinsed with pentane 
(3 x 10 mL) and dried under vacuum.  Yield: 706 mg (87 %).  IR spectrum (CH2Cl2): νCO = 2022, 
1953, 1913 cm-1.  31P{1H} NMR (CD2Cl2): δ 92.83 (d, J(
57Fe) = 50.9 Hz), 79.92 (m); ratio 1:0.6.  
1H NMR (500 MHz, CD2Cl2): δ 8.16-7.88 (overlapping signals, 4H), 7.78 (m, 1H), 7.67 (m, 1H), 
7.57-7.10 (overlapping signals, 16H), 1.72 (m, 2H), 1.29 (m, 2H), 1.08 (s, 3H), 0.09 (s, 3H). 
(dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)(dppv) ([571]0). A mixture of (dppv)(CO)57Fe(µ-
Me2pdt)Fe(CO)3 (120 mg, 1.65 x 10
-4 mol) and dppv (66 mg, 1.65 x 10-4 mol) in toluene (100 mL) 
was irradiated with 356 nm light (LED, 350 mA/m2).  Reaction progress was monitored by IR 
spectroscopy.  After 6 h, irradiation was stopped, and the solvent removed under vacuum.  The 
crude product was dissolved in a minimum amount of CH2Cl2.  This extract was layered with 
pentane, and the mixture was stored at -35 °C overnight.  Dark green crystals formed.  Yield: 146 
mg (83%).  FT-IR (CH2Cl2): νCO 1974, 1952, 1897, 1865 cm
-1.  31P{1H} NMR (CD2Cl2): δ 87.21 
(br s).  1H NMR (500 MHz, CD2Cl2): δ 8.13-7.56 (br s, 10H), 7.56-6.72 (broad, overlapping 
signals, 34H), 1.29 (m, 4H), -0.15 (br s, 6H). 
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57Fe-Labeled [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-H571]BF4).  A CH2Cl2 solution of 
(dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)(dppv) (63.4 mg, 5.78 x 10
-5 mol) was treated with HBF4•Et2O 
(7.9 µL, 9.4 mg, 5.78 x 10-5 mol) at room temperature.  A color change from green to green-brown 
was observed.  Solvent was removed under vacuum, and the residual solid was rinsed with THF 
and Et2O.  Yield: 30 mg (44 %).  
31P{1H} NMR (CD2Cl2): δ 95.3 (br s, 1P), 87.3 (br s, 1P), 80.5 
(br s), 68.8 (br s, 1P).  1H NMR (500 MHz, CD2Cl2): δ 8.68-6.37 (overlapping signals, 44H), 1.59 
(m, 2H), 1.30 (m, 2H), 0.53 (s, 3H), 0.05 (s, 3H), -2.20 (t, J = 81 Hz, 1H).  1H NMR analysis of 
the sample for NRVS revealed a small signal at δ -14.7 corresponding to the presence of ~13 % of 
[µ-H571]BF4 in this sample (Figure S43).   
57Fe-Labeled [(t-D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 ([t-D571]O2CCF3).  A CH2Cl2 
solution of (dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)(dppv) (63.4 mg, 5.78 x 10
-5 mol) was treated with 
CF3CO2D (4.7 µL, 6.6 mg, 5.78 x 10
-5 mol).  A color change from green to green-brown was 
observed.  Solvent was removed under vacuum, and the residual solid was washed with THF and 
Et2O.  Yield: 40 mg (58 %).  
31P{1H} NMR (CD2Cl2): δ 95.3 (br s, 1P), 87.3 (br s, 1P), 80.5 (br 
s), 68.8 (br s, 1P).  1H NMR (500 MHz, CD2Cl2): δ 8.68-6.37 (overlapping signals, 44H), 1.59 (m, 
2H), 1.30 (m, 2H), 0.53 (s, 3H), 0.05 (s, 3H).  
57Fe-Labeled [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4/O2CCF3 ([μ-H571]O2CCF3) and 
[(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 ([μ-H571]O2CCF3).  Solutions of [t-H571]O2CCF3 and 
[t-D571]O2CCF3 in 2-4 mL of CH2Cl2 were stirred until the IR spectrum showed complete 
conversion to the [μ-H571]+ and [μ-D571]+, respectively.  The appearance of an IR band at 1855 
cm-1 in the spectra of [µ-H571]O2CCF3 and [µ-D
571]O2CCF3 indicates the presence of a small 
amount of [571]+ in these samples (Figure S44 and S47).  Finally, the appearance of a signal at δ -
14.7 in the 1H NMR spectrum of [µ-D571]O2CCF3 (Figure S49) indicates only 65 % deuteration, 
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the remainder being [µ-H571]O2CCF3. 
1H NMR (500 MHz, CD2Cl2): δ 8.08-6.67 (m, 44H, C6H5 
and =CH), 2.57-1.37 (m, 4H, SCH2), 1.17, 0.23 (s, s, 6H, CH3), -14.72 (m, 1H, Fe(μ-H)Fe).  
31P{1H} NMR (CD2Cl2): δ 87.1 (t), 81.5 (t), 78.8 (t), 72.8 (t).  FT-IR (CH2Cl2): νCO 1974 (broad), 
1952 (vs) cm-1.  [μ-D571]O2CCF3.  
1H NMR (500 MHz, CD2Cl2): δ 8.08-6.67 (m, 44H, C6H5 and 
=CH), 2.57-1.37 (m, 4H, SCH2), 1.17, 0.23 (s, s, 6H, CH3).  
31P{1H} NMR (CD2Cl2): δ 87.34 (t), 
81.8 (t), 78.9 (t), 72.9 (t).  FT-IR (CH2Cl2): νCO 1974 (broad), 1952 (vs) cm
-1.   
Cyclic Voltammetry.  Electrochemical experiments were carried out in a nitrogen-filled 
glove box fitted with adaptors to connect to CH Instruments model 600D series electrochemical 
analyzer. These experiments were conducted in a 3-mL glass cell fitted with a Teflon top.  A glassy 
carbon electrode (d = 3mm) was used as the working electrode.  A silver wire was used as a pseudo-
reference electrode and ferrocene was added to the cell so the collected data could be referenced 
to the Fc0/+ couple (0.00V).  The counter electrode for these experiments was a platinum wire.  Due 
to these experiments being collected in a glove box, sparging was not necessary.  iR compensation 
was applied to each voltammogram.  These experiments were conducted at room temperature with 
1mM of the complex and 0.125 M of supporting electrolyte in dried and de-oxygenated solvents.  
NRVS.  Nuclear resonance vibrational spectroscopy (NRVS) data of [(μ-H/D) 
Fe2(Me2pdt)(CO)2(dppv)2]BF4/CF3CO2 were collected at the Advanced Photon Source (APS) 
sector 3-ID, Argonne National Laboratory, with the storage ring operating in the standard 
operating mode (24 electron bunches spaced by 153 ns). A water-cooled high heat-load 
monochromator (HHLM) consisting of two diamond single crystals with (1,1,1) as the reflection 
plane and a four-bounce 2Si(4,0,0) x 2Si(10,6,4) high resolution monochromator (HRM) provided 
the 14.4 keV X-ray with 1 meV energy resolution. The flux was about 2.5x109 photons/sec 
positioned on our sample at the 3ID-D station.  The operation temperature was set to 10 K, while 
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the real sample temperature was ~ 58 K for [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 and 62 K for [(μ-
D)Fe2(Me2pdt)(CO)2(dppv)2]CF3CO2.  The nuclear scattering induced 
57Fe nuclear fluorescence 
at 14.4KeV and the converted Fe Kɑ fluorescence at 6.4 KeV were recorded with an Avalanche 
Photo Diode (APD) detector, with an active area of 10 mm by 10 mm in size, and 0.1 mm in 
thickness.   
The NRVS spectra of [(t-H/D)Fe2(Me2pdt)(CO2)(dppv)2]BF4/CF3CO2 were collected at 
SPring-8 BL09XU and BL19LXU in the “C” bunch mode (29 electron bunches spaced by 145.5 
ns).56 The samples were placed in a helium cold finger maintained at 10K and the true temperature 
ranged from 65-75 K.  Using a double Si(1,1,1) HHLM and a [Ge(4,2,2),2xSi(9,7,5)] HRM, the 
nuclear resonance energy at 14.4 keV with a 0.8 meV resolution was achieved (flux = 6x109 cps 
at BL19XU and 2.0x109 cps at BL09XU).17  An APD array was used to detect the 57Fe nuclear 
fluorescence and Fe Kɑ fluorescence.  The [DFe2(Me2pdt)(CO)2(dppv)2]CF3CO2 was measured 
using sectional scans: -100-550 cm-1 at 1 s/pt, 550-800 cm-1 at 3 s/pt, 800-1250 cm-1 at 1 s/pt, and 
1250-1500 cm-1 at 20 s/pt with respect to 57Fe nuclear resonance.  All NRVS spectra were 
processed with PHOENIX executed through the web application spectra.tools to yield 57Fe partial 
vibrational density of states (PVDOS).57  
 DFT Calculations. Structural optimization and normal mode analysis was done using 
GAUSSIAN 09,58 based on the densities exported from single point calculations using JAGUAR 
9.4.59  The BP8660,61 (for most of the results) and B3LYP60 (for single-point energy calculations 
only) functionals together with the LACV3P** basis set were employed.  For the first- and second-
row elements, LACV3P** implies 6-311G** triple-zeta basis sets including polarization 
functions.  For the Fe atoms, LACV3P** consists of a triple-zeta quality basis set for the outermost 
core and valence orbitals, and the quasirelativistic Los Alamos effective core potential (ECP) for 
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the innermost electrons.62,63  The model environment was considered using a self-consistent 
reaction field (SCRF) polarizable continuum model and integral equation formalism (IEF-PCM) 
as implemented in GAUSSIAN 09, using with the static dielectric constant set to ε = 4.0 and the 
remaining IEF-PCM parameters at their default values for water.  The calculations (i) including 
the two-body D3 dispersion corrections by Grimme et al64,65 as implemented in GAUSSIAN 09 
and (ii) excluding the D3 correction have been done to generate the normal modes in the (i)  < 470 
and (ii) > 470 cm-1 areas, respectively; this combined approach ultimately produced DFT-based 
57Fe-PVDOS spectra in a better agreement with the experiment.  The optimized structures shown 
in figures are based on scheme (ii), if not otherwise mentioned.  Based on the normal mode outputs, 
an in-house Q-SPECTOR program successfully applied previously15,50–53 was utilized to generate 
the 57Fe-PVDOS from the normal mode composition factors.  An empirical scaling of calculated 
frequencies has not been applied.  The resolution of the observed NRVS spectra was accounted 
for by convolution of the computed PVDOS intensities with a full width at half maximum 
(FWHM) = 14 cm−1 Lorentzian. 
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3.14  Supporting Information 
 
Figure 3.29.  FT-IR spectrum of [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-H1]BF4) in CH2Cl2 
solution.  
Figure 3.30. 500 MHz 1H NMR spectrum of [(t-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-H1]BF4) in 
CD2Cl2  at 20 °C. Assignments: δ = 8.22-6.74 (m, 44H, 40 x C6H5 and 2 x 
Ph2PCH=CHPPh2), 1.59-1.26 (m, 4H, 2 x SCH2), 0.50, 0.02 (s, s, 6H, 2 x CH3), -2.23 













Figure 3.31.  FT-IR spectrum of [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-H1]BF4) in CH2Cl2 
solution.  Assignments: νCO = 1974 (sh), 1952 (s). 
 
Figure 3.32.  500 MHz 1H NMR spectrum of [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-H1]BF4) 
in CD2Cl2 at 20 °C.  Assignments: δ = 8.08-6.67 (m, 44H, 40 x C6H5 and 2 x 
Ph2PCH=CHPPh2), 2.57-1.37 (m, 4H, 2 x SCH2), 1.15, 0.20 (s, s, 6H, 2 x CH3), -















Figure 3.33.  202 MHz 31P NMR spectrum of [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-H1]BF4) 
in CD2Cl2 solution at 20 °C.  Tentative assignments: δ 86.8 (s) and 72.5 (s) for 















Figure 3.35.  500 MHz 1H NMR spectrum of [(t-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-D1]BF4)  in 
CD2Cl2 solution at 20 °C.  Assignments: δ = 8.22-6.73 (m, 44H, 40 x C6H5 and 2 x 
Ph2PCH=CHPPh2), 1.57-1.27 (m, 4H, 2 x SCH2), 0.49, 0.02 (s, s, 6H, 2 x CH3), -
















Figure 3.36.  202 MHz 31P NMR spectrum of [(t-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-D1]BF4) in 
CD2Cl2 solution at 20 °C.  Tentative assignments: δ 95.2 (s) and 68.7 (s) for apical-












Figure 3.37.  2H NMR spectrum of [(t-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([t-D1]BF4)  in CH2Cl2 






















Figure 3.39.  500 MHz 1H NMR spectrum of [(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-D1]BF4)  
in CD2Cl2 solution at 20 °C.  Assignments: δ 8.08-6.68 (m, 44H, 40 x C6H5 and 2 x 
Ph2PCH=CHPPh2), 2.60-1.37 (m, 4H, 2 x SCH2), 1.15, 0.21 (s, s, 6H, 2 x CH3), -
14.70 (m, 0.3H, μ-H).  
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Figure 3.40.  202 MHz 31P NMR spectrum of [(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-D1]BF4) 
in CD2Cl2 solution at 20 °C.  Tentative assignments: δ 86.8 (s) and 72.5 (s) for 





















Figure 3.41.  2H NMR spectrum of [(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]BF4 ([μ-D1]BF4)  in CH2Cl2 









































Figure 3.43.  500 MHz 1H NMR spectrum of 57Fe(Me2pdt)(dppv)(CO)2 in CD2Cl2 solution at 





Figure 3.44.  500 MHz 1H NMR spectrum of (dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)3 in CD2Cl2 




















Figure 3.45.  500 MHz 1H NMR spectrum of (dppv)(CO)57Fe(µ-Me2pdt)Fe(CO)(dppv) in CD2Cl2 
solution at room temperature.  See Figure 3.2 for spectrum of unlabeled analogue, 





Figure 3.46. 202 MHz 31P{1H} NMR spectrum of mono 57Fe-labeled [(t-
H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 in CD2Cl2 solution at room temperature.  See 
Figure 3.15 for spectrum of unlabeled analogue.  Tentative assignments: δ 95.34 




Figure 3.47. 500 MHz 1H NMR spectrum of mono 57Fe-labeled [(t-
H)Fe2(Me2pdt)(CO)2(dppv)2]BF4 in CD2Cl2 at room temperature.  See Figure 
3.30 for spectrum of unlabeled analogue.  Assignments: δ 8.68-6.37 (m, 44H, 
40 x C6H5 and 2 x Ph2PCH=CHPPh2), 1.59 (m, 2H, SCH2), 1.30 (m, 2H, 






Figure 3.48. 31P{1H} NMR spectrum of mono 57Fe-labeled [(t-
D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 in CD2Cl2 at room temperature.  See 
Figure 3.36 for spectrum of unlabeled analogue.  Tentative assignments: δ 
95.33 (s) and 68.75 (s) for apical-basal dppv; 87.52 (s) and 80.79 (s) for 
basal-basal dppv. 
Figure 3.49.  1H NMR spectrum of mono 57Fe-labeled [(t-D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 





Figure 3.50.  IR spectrum of mono 57Fe-labeled [(μ-H)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 in 
CH2Cl2 at room temperature.  The weak band at 1852 cm
-1 is from an impurity of 
[Fe2(Me2pdt)(CO)2(dppv)2]


















Figure 3.51. 202 MHz 31P{1H} NMR spectrum of mono 57Fe-labeled [(μ-
H)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 in CD2Cl2 solution at room temperature.  
See Figure 3.33 for spectrum of unlabeled analogue.  Tentative assignments: δ 






Figure 3.52.  500 MHz 1H NMR spectrum of mono 57Fe-labeled [(μ-
H)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 in CD2Cl2 at room temperature.  See 
Figure 3.32 for spectrum of unlabeled analogue.  Assignments: δ 8.08-6.67 
(m, 44H, 40 x C6H5 and 2 x Ph2PCH=CHPPh2), 2.57-1.37 (m, 4H, SCH2), 





















Figure 3.53. IR spectrum of mono 57Fe-labeled [(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 in 
CH2Cl2 solution at room temperature.  The weak band at 1852 cm
-1 is from an 
impurity of [Fe2(Me2pdt)(CO)2(dppv)2]



















Figure 3.54. 31P{1H} NMR spectrum of mono 57Fe-labeled [(μ-
D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 in CD2Cl2 solution at room 
temperature.  See Figure 3.40 for spectrum of unlabeled analogue.  Tentative 
assignments: δ 87.34 (t) and 72.93 (t) for apical-basal dppv; 81.82 (t) and 





Figure 3.55.  1H NMR spectrum of mono 57Fe-labeled [(μ-D)Fe2(Me2pdt)(CO)2(dppv)2]O2CCF3 
in CD2Cl2 at room temperature.  Note: the signal at δ -14.7 indicates ~65 % 




Table 3.2. Important metal–ligand and metal–metal internuclear distances (Å) for the terminal and 
bridging [t/μ-H1]+ hydride species (including the two p/d flippamer alternatives on the Me2pdt
2- 
bridge orientation) from DFT calculations. 







+ 1.51* / 1.50* 1.79 / 1.79 2.40 / 2.40 2.59 / 2.54 
[tp-H1]
+ 1.52* / 1.52* 1.78 / 1.78 2.60 / 2.61 2.64 / 2.59 
[μd-H1]
+ 1.74 / 1.74 1.74* / 1.73* 1.66* / 1.66* 2.66 / 2.62 
[μp-H1]
+ 1.74 / 1.74 1.72* / 1.69* 1.70* / 1.70* 2.69 / 2.62 
a) Here, no-D3 (in black) and D3 (in grey) distances imply correspondingly calculations excluding 
and including the dispersion interaction correction using BP86 functional as described in the 
methods section.  The optimized structures are shown in Figures 3.22 (no-D3) and 3.23 (D3). 
b) The metal/ligand atomic labels are as shown in Figures 3.22 and 3.23; Lt is a terminal ligand at 
Fed (= Ht in [tp/d-H1]
+ / = Ct in [μp/d-H1]
+); Lμ is a bridging Fep-Lμ-Fed ligand (= Hμ in [μp/d-H1]
+ / 
= Cμ in [tp/d-H1]
+). Fed implies the iron site equivalent to the ‘distal’ Fe in [FeFe]-hydrogenase 
which coordinates the terminal hydride in the [td/p-H1]
+ species; Fep implies the 2
nd iron site 
equivalent to the ‘proximal’ Fe in [FeFe]-hydrogenase. 
*) The Fe–H– iron-hydride bonding distances. 
 
Table 3.3. Relative electronic energies (kcal/mol) for the terminal and bridging [t/μ-H1]+ hydride 
species including their two p/d flippamer alternatives on the Me2pdt
2- bridge orientation calculated 
using alternative DFT methods. 
Species Relative Energya (kcal/mol) 
no-D3 BP86 / no-D3 B3LYP-SP D3 BP86 / D3 B3LYP-SP 
[td-H1]
+ 5.2 [0.0]b / 11.5 [0.0]b 7.1 [0.0]b / 12.8 [0.0]b 
[tp-H1]
+ 9.7 [4.5]b / 15.1 [3.6]b 11.7 [4.6]b / 15.8 [3.0]b 
[μd-H1]
+ ≡ 0.0 / ≡ 0.0 0.4 / 0.2 
[μp-H1]
+ 1.6 / 1.3 ≡ 0.0 / ≡ 0.0 
a) Here, BP86 (in black) implies energies for the structures optimized using BP86 functional as 
described in the methods section. B3LYP-SP (in gray) energies are from single-point calculations 
applying B3LYP functional on top of the corresponding BP86 structures (and the rest of the 
method details as for the original BP86 calculations). no-D3 (left column) and D3 (right column) 
imply correspondingly calculations excluding and including the dispersion interaction correction. 
The relative energies calculated using the very same method are directly comparable, top-to-
bottom in each of the 22=4 sub-columns; the lowest energy in each sub-column is set to zero (‘
≡0.0’). 
b) For clarity on the relative energies within the [td/p-H1]
+ terminal hydride species sub-sets, these 
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CHAPTER 4: Stabilization of Terminal Hydride Using a Sterically Bulky Azadithiolate 
4.1  Introduction 
When the crystal structure of the active site of [FeFe]-hydrogenase was solved, the 
bridgehead, specifically the 3-position, was unknown because C, N and O could not be 




2-.  Only the 
[Fe2(adt)(CO)4(CN)2]
2- showed similar activity to the non-modified hydrogenase enzymes.3  This 
suggests amines are very important for catalytic activity and that models should contain amines in 
the bridgehead for full activity.   
Our success in stabilizing the terminal hydride by increasing the steric bulk of the 
bridgehead position turned our attention to stabilizing the terminal hydride species in a biomimetic 
model.4  While many have increased the steric bulk at the amine position5–7 and have seen 
catalysis8, it was hypothesized that having a non-H functional group would decrease the catalytic 
activity of adt2- derivatives.  Siebel et al. recently proved that incorporation of adt2- derivatives 
with functionalized amines could be successfully incorporated into the active site and had lower 
activity than the incorporated non-functionalized adt2- complexes.9   
Previous members of the Rauchfuss group had synthesized a sterically bulky adt2- 
derivative hexacarbonyl complex but had never investigated it with dppv ligands or for catalysis.  
Stanley et al. did prove that methylating the methylene positions did not drastically change the pKa 
between Fe2(Me2adt)(CO)6 and Fe2(adt)(CO)6.
10  Therefore, it was expected that the catalytic 
activity should not be drastically affected but the hydride should be more stable.   
This chapter focuses on the synthesis and characterization of Fe2(Me2adt)(CO)4(dppv) and 
Fe2(Me2adt)(CO)2(dppv)2.  It was presumed that the bulkiness of the dppv and the steric bulk of 
the methyl groups would force the methyls to be equatorial (Scheme 4.1).  If the equatorial methyls 
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sterically inhibited the turnstile rotation of the phosphines, the terminal hydride would be 
stabilized.  Unlike the Me2pdt
2- complexes, the Me2adt
2- complexes can be protonated twice.  
Consequently, isomerization studies of mono-protonation and di-protonation were completed.  
Finally, once the isomerization was completely understood, electrocatalysis was investigated. 












Scheme 4.1.  Scheme of Fe2(Me2adt)(CO)x-2L(dppv)L with the six-member ring highlighted in red.  
Due to the steric bulk of the methyl groups, the ligands will prefer an equatorial 
position.  
 
4.2  Synthesis and Characterization of Fe2(Me2adt)(CO)4(dppv) 
As reported by Stanley et. al, Fe2(Me2adt)(CO)6 can be formed in low yield by condensing 
acetaldehyde and ammonium carbonate with Fe2(SH)2(CO)6.
10  Treatment of the hexacarbonyl 
species with one equivalent of trimethylamine N-oxide and dppv forms the tetracarbonyl complex: 
Fe2(Me2adt)(CO)4(dppv).  Based off the 
31P NMR spectrum, there are three isomers of the 
tetracarbonyl complex based off the position of the methyl groups and the dppv (Figure 4.1).  The 
most predominant isomer, δ 95.5, has methyls in the equatorial position and the dppv is in the 
apical/basal positions.  The broad signal possibly indicates the turnstile rotation of the phosphines, 
which equilibrates the signals, is slow.  The second isomer has two phosphine signals at δ 94.23 
and 82.07 indicating there is no turnstile rotation and the apical phosphine is downfield to the basal 
phosphine.11,12  This isomer has one axial methyl and one equatorial methyl.  The final isomer has 
117 
 
both methyls in an axial position and the shift at δ 79.38 indicates that both phosphines are in the 
basal position. 
 




Figure 4.2.  500 MHz 1H NMR spectrum of Fe2(Me2adt)(CO)4(dppv) in CD2Cl2 at 20 °C. 
Assignments: δ 8.21-7.18 (m, 22H, C6H5 and =CH), 2.21, 1.61-1.47 (m, 2, SCHMe), 
1.36-1.27(m, 6H, SCHCH3 ), 1.093 (m, 1H, NH). 
4.3  Structure of Fe2(Me2adt)(CO)4(dppv) 
 The predominant Fe2(Me2adt)(CO)4(dppv) isomer was crystallized and the structure was 
confirmed by X-ray crystallography (Figure 4.3).  The methyl groups are clearly located in the 
equatorial position.  The Fe-Fe bond distance is 2.5508(4) Å.  Other tetracarbonyl, sterically bulky 
adt2- complexes have similar Fe-Fe bond lengths: Fe2(adt











Figure 4.3.  Solid state structure of Fe2(Me2adt)(CO)4(dppv).  Protons were removed for clarity. 
4.4  Synthesis and Characterization of Fe2(Me2adt)(CO)2(dppv)2 
 A solution of Fe2(Me2adt)(CO)4(dppv) was treated with dppv and irradiated to give 
Fe2(Me2adt)(CO)2(dppv)2.  The FT-IR spectrum revealed intense νCO bands at 1890 and 1870 cm
-
1.  By increasing the steric bulk at the bridgehead position, the electron density on the iron centers 
were not drastically affected.  There are only minute shifts (approx. 1 cm-1) in the ʋCO bands of 




















Figure 4.4.  Comparison of FT-IR spectra of Fe2(Me2adt)(CO)2(dppv)2 (black) and 
Fe2(adt)(CO)2(dppv)2 (red).   
The 1H NMR spectrum shows only one isomer with one sharp methyl signal (δ 0.31), 
indicating both methyl groups are in the same environment (Figure 4.5).  If both methyls were in 
the axial position, the ring would be more strained.  Therefore, it was hypothesized that the methyls 
were in the equatorial position.  There is also only one broad signal for the methylene protons (δ 
1.84).  The methylene protons of Fe2(Me2adt)(CO)2(dppv)2 are shifted further upfield compared 
to the methylene resonances of Fe2(adt)(CO)2(dppv)2 (δ 1.84 vs 2.3, respectively).
15  Finally, there 
is one amine signal split as a triplet at δ -0.31.   





Figure 4.5. 500 MHz 1H NMR spectrum of Fe2(Me2adt)(CO)2(dppv)2 in CD2Cl2 at 20 °C.  
Assignments: δ = 8.16-7.27 (m, 44H, 40 x PhH and 2 x Ph2PCH=CHPPh2), 1.84 (br 
s, 2H, SCH(CH3)), 0.31 (s, 6H, CH3), -0.31 (s, 1H, NH).  Traces of water, pentane 
and THF. 
The 31P NMR spectrum has one resonance at δ 91.11 (Figure 4.6).  The addition of the 
methyls on the bridgehead, slightly shifts the 31P NMR resonance from Fe2(adt)(CO)2(dppv)2’s (δ 
89.1).15  It was expected that there would be at least two 31P resonances for 
Fe2(Me2adt)(CO)2(dppv)2.  Since the Me2adt
2- does not flip back and forth unlike pdt2-, Me2pdt
2- 
and adt2-.4,16,17  Therefore, the dppv closest to the amine should have one resonance and the dppv 
further away should have one resonance (Scheme 4.2).  One possible explanation for this 
phenomenon is that two dppv signals are coincident.  By cooling the sample to -56 °C, the turnstile 
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rotation ceases, revealing there are four distinct 31P NMR resonances at δ 96.68, 91.14, 88.75 and 
83.33 (Figure 4.7).  The difference between these peaks is much smaller than in the related 
compound Fe2(adt)(CO)2(dppv)2 (δ 102.6, 93.4, 92.2, 88.6).
15  Therefore, since there is not a large 
shift (even at low temperatures) between the 31P signals of the dppv, the signals are coincident at 
room temperature.  
 
Figure 4.6. 202 MHz 31P NMR spectrum of Fe2(Me2adt)(CO)2(dppv)2 in CD2Cl2 at 20 °C.  
Assignments: δ = 91.11 (apical/basal) 
 
Scheme 4.2. The two dppv are in different environments and assuming the turnstile rotation is still 




Figure 4.7. 202 MHz 31P NMR spectrum of Fe2(Me2adt)(CO)2(dppv)2 in CD2Cl2 at -56 °C.  
Assignments: δ = 96.68 (apical), 91.14 (apical), 88.75 (basal), and 83.33 (basal).  There 
is some free dppv (signal at δ -23.46).  
4.5  Crystal structure of Fe2(Me2adt)(CO)2(dppv)2 
 The structure of Fe2(Me2adt)(CO)2(dppv)2 was confirmed by X-ray crystallography.  Fe-
Fe bond length is 2.5960(6) Å.  The Fe2(adt)(CO)2(dppv)2 has a slightly longer Fe-Fe bond, 
2.6027(6) Å.15  Unlike Fe2(Me2pdt)(CO)2(dppv)2, the Fe2(Me2adt)(CO)2(dppv)2 is not semi-rotated 
in the solid state; Papical-Fe-Fe-Papical angle is 66.43° and 37.90(8)°, respectively.
4  The 
Fe2adt(CO)2(dppv)2 has a torsion angle of -13.98(11)°.15  The negative sign indicates the distal 
iron has the apical phosphine in spatially in front of the Fe-Fe bond.  Fe2(Me2adt)(CO)2(dppv)2 has 
a larger torsion angle than the Fe2adt(CO)2(dppv)2, indicating that the dppv on the distal iron has 
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rotated slightly.    This is a consequence of increasing the steric bulk at the 3-position instead of 
the 2-position which causes larger rotations on the distal iron.  Both CO angles are close to 180°, 
which indicates the CO is not bridging. 
 
 
Figure 4.8.  Crystal structure of Fe2(Me2adt)(CO)2(dppv)2 with thermal ellipsoids drawn at 50% 
probability level.  Hydrogen atoms and disorder in the bridgehead were omitted for 
clarity.  
4.6  Mono-protonation Studies of Fe2(Me2adt)(CO)2(dppv)2 
 The first protonation occurs at the amine, forming an ammonium species that then transfers 
the proton to the iron.  The formed terminal hydride is very short-lived because it is not stabilized.  
Therefore, as soon as the iron protonates, there is a fast isomerization to a µ-hydride species 
(Scheme 4.3).  This protonation does not go cleanly.  31P NMR spectrum shows that after adding 
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one equivalent of [H(OEt2)2]BF4, there are small peaks associated with a terminal hydride species 
(δ 102.51, 92.41, 91.32 and 85.78) and then larger peaks associated with an ammonium species (δ 
84.06, 71.84) (Figure 4.9). 
 
Scheme 4.3.  Scheme detailing the mono-protonation of Fe2(Me2adt)(CO)2(dppv)2.  
 
 
Figure 4.9. 202 MHz 31P NMR spectrum in situ of Fe2(Me2adt)(CO)2(dppv)2 protonated with 
[H(OEt2)2]BF4 in CD2Cl2 at room temperature.  Assignments: t-hydride δ = 102.51 
(apical), 92.41 (apical), 91.32 (basal), and 85.78 (basal).  Ammonium δ = 84.06 and 
71.84. There is a broad bump around δ 91 which could attributed to other 31P 
resonances of other isomers in solution. 
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Analyzing the 1H NMR shows that at five minutes there is very little hydride formation, 
further supporting the idea that δ 84.06 and 71.84 31P resonances are associated with the 
ammonium species (Figure 4.10).  After five minutes, there is a small terminal hydride signal and 
a miniscule µ-hydride signal.  The terminal hydride is a short-lived intermediate, the species fully 
converted to various µ-hydride intermediates after one hour.  The thermodynamic µ-hydride has a 
resonance at δ -14.00 and is associated with the isomer with both dppv ligands in the apical/basal 
positions.  The other two isomers have hydride signals close together δ -15.36 and -15.72, 
indicating the hydrides have very similar environments and interconvert between each other before 
converting to the thermodynamic isomer (Scheme 4.4).  Isomer B could convert immediately to 
the thermodynamic isomer, D.  However, both irons can rotate; if the proximal iron rotates then 
isomer C is formed.  Isomer C persists longer in solution because to rotations are needed to form 





Figure 4.10. 500 MHz 1H NMR spectrum of mono-protonation Fe2(Me2adt)(CO)2(dppv)2 with 
[H(OEt2)2]BF4 in situ dissolved in CD2Cl2 at 20 °C.   
 
 
Scheme 4.4.  Scheme detailing isomerization from the terminal hydride species (A) to the 
thermodynamic µ-hydride isomer (D). 
4.7  Di-protonation Studies of Fe2(Me2adt)(CO)2(dppv)2 
Upon addition of 2 equiv of strong acid (either [H(OEt2)2]BF4 or [H(OEt2)2]BAr
F
24), an 
ammonium terminal hydride species is formed.  There is an interaction between the ammonium 
proton and the terminal hydride, which slows isomerization significantly (Figure 4.11).  While 
there is a small amount of µ-hydride, δ -15.66, after 15 min, the terminal hydride signal, δ -4.72, 
persists for over ten hours.  The half-life for [tHFe2(Me2adt
H)(CO)2(dppv)2]BAr
F
24 was calculated 
A B D C 
128 
 
to be 2.8 hr (k = 6.87*10-5s-1).   If [H(OEt2)2]BF4 is used as the acid, the half-life of the ammonium 
terminal hydride species increases by almost an hour (t1/2 = 3.45 hr, k = 5.57*10
-5s-1).   These half-
lives are significantly longer than the [tHFe2(adt
H)(CO)2(dppv)2]BF4, t1/2 = 25 min.
18  The 
discrepancy between these half-life times indicates that the counter-ion is an important 
consideration for slowing the isomerization.  BF4
- is a smaller anion so it could potentially enter 
the pocket between the ammonium and terminal hydride and prevent rotation.  BArF24
- is a larger, 




24 has a shorter half-life than the BF4
- version.15   
 
Figure 4.11. 500 MHz 1H NMR spectrum of 2 equiv of [H(OEt2)2]BAr
F
24 and 
Fe2(Me2adt)(CO)2(dppv)2 in CD2Cl2 at 20 °C monitored over time.   
The kinetics of [tHFe2(Me2adt
H)(CO)2(dppv)2]BF4 species were studied in-depth at 30 °C 
with 2 equiv of 1,3,5-methoxybenzene (time points taken every 20 min) (Figure 4.12).  The 
terminal hydride isomerizes to an intermediate µ-hydride species, δ -15.88, and then to the 
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thermodynamic µ-hydride species, δ -14.30 (Scheme 4.5).  The distal iron first rotates forming a 
C2V symmetric complex (the intermediate µ-hydride) and then the distal iron undergoes a second 
rotation forming the thermodynamic isomer.  The isomerization with respect to the terminal 
hydride species is first-order with a half-life at 30 °C of 58.6 min (k = 1.97*10-4 s-1 ± 5.89*10-5) 




+ has a 
longer half-life and therefore has a ΔΔG* of 0.3 kcal/mol (compared to the adt).18  
 
Figure 4.12. 500 MHz 1H NMR spectrum of 2 equiv of [H(OEt2)2]BF4 and 
Fe2(Me2adt)(CO)2(dppv)2 in CD2Cl2 at 30 °C.  Time points were collected every 




Scheme 4.5.  Scheme detailing isomerization from the ammonium terminal hydride species to the 
thermodynamic µ-hydride isomer. 























Figure 4.13. Kinetic trace of the normalized [tHFe2(Me2adt
NH
2)(CO)2(dppv)2]BF4 resonance 
compared to the standard, 2 equiv of 1,3,5-trimethoxybenzene.  Experiment was 




4.8  Redox Properties of Fe2(Me2adt)(CO)2(dppv)2 and Photocatalysis 
In a solution of DCM, the redox properties of Fe2(Me2adt)(CO)2(dppv)2 were probed using 
cyclic voltammetry.  There is a two-electron oxidation event at around -760 mV and two single 
electron reductions at around -840 and -960 mV (Figure 4.14).  If the scan rate is slowed, the two 
reduction events coalesce (Figure 4.15).  The coalescence suggests there are structural 
rearrangements that must occur to reform the FeIFeI species.  Recent studies on Fe2(adt
Bn)(CO)4(κ-
dmpe), suggest that the second oxidation causes the nitrogen to bind reversibly to Fe.5   Therefore, 
the first oxidation forms a rotated FeIIFeI species and the second oxidation causes the nitrogen to 
bind to Fe (Scheme 4.6). 
 
Figure 4.14.  Cyclic voltammetry of 2.7 mM DCM solution of Fe2(Me2adt)(CO)2(dppv)2 0.3 M 
[TBA]PF6 recorded with a scan rate of 100 mV/s. Cyclic voltammetry run by Dr. 
Noémie Lalaoui. 



















Figure 4.15.  Cyclic voltammetry of 2.7 mM DCM solution of Fe2(Me2adt)(CO)2(dppv)2 0.3 M 
[TBA]PF6 recorded with a scan rate of 10 mV/s.  Cyclic voltammetry run by Dr. 
Noémie Lalaoui. 
 
Scheme 4.6.  Oxidation of the Fe2(Me2adt)(CO)2(dppv)2 scheme.  
The use of a weak acid, trimethyl ammonium tetrakis[3,5-bis(trifluromethyl)phenyl]borate 
([HNMe3]BAr
F
24), was used to mono-protonate Fe2(Me2adt)(CO)2(dppv)2 in o-difluorobenzene.  
The protonated species reduces at more negative potentials than the neutral species (Figure 4.16).  
Upon methlation of the adt backbone, the terminal hydride is more stable than in 
Fe2adt(CO)2(dppv)2.  Therefore, the rate of H2 production can be calculated accurately at room 
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temperature.  The Fe2(Me2adt)(CO)2(dppv)2 produces H2 at a rate of 39,000 s
-1
, compared to the 
rate of H2 production of the Fe2(adt)(CO)2(dppv)2 at 0 °C (5,000 s
-1),.15  This is a lower bound for 
the rate because to accurately calculate the rate of proton reduction the ic (cathodic current) must 











Figure 4.16.  Electrocatalysis of a o-difluorobenzene solution of Fe2(Me2adt)(CO)2(dppv)2 and 
[TBA]BArF24 protonated with [HNMe3]BAr
F
24 at a scan rate of 25 mV/s.  
4.9  Conclusions 
Unlike in the previous chapter, increasing the steric bulk at the 3-position of the adt2- 
complexes would drastically decrease the rate of H2 production.  Therefore, a known sterically 
bulky adt2-, Me2adt
2-, was used to form Fe2(Me2adt)(CO)4(dppv) and Fe2(Me2adt)(CO)2(dppv)2.  It 
was originally assumed that only one isomer would form with both methyls in the equatorial 
position.  However, there were three isomers with the predominant isomer having both methyls 
equatorial and the dppv apical/basal.  The Fe-Fe distance was very similar to other bulky adt2- 
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Unlike Fe2(Me2adt)(CO)4(dppv), there is only one isomer of Fe2(Me2adt)(CO)2(dppv)2; 
both methyls are equatorial and both dppv ligands are apical/basal.  Fe2(Me2adt)(CO)2(dppv)2 is 
not rotated unlike Fe2(Me2pdt)(CO)2(dppv)2.
4  The electronics of the irons were not affected by 
the increase in steric bulk of the bridgehead position, which indicated the protonated complex 
could have similar characteristics to protonated Fe2(adt)(CO)2(dppv)2.  However, the increased 
steric bulk was presumed to increase the longevity of the terminal hydride species. 
The mono-protonation was not clean but the ammonium species was determined using 31P 
and 1H NMR, indicating the amine is more basic than the iron.  The amine terminal hydride species 
is fleeting because it lacks stability.  Upon di-protonation, the ammonium terminal hydride specie’s 
half-life is increased drastically to several hours.  It was also determined that the counterion can 
affect the half-life by almost an hour.  One transient µ-hydride species was formed before finally 
isomerizing to the thermodynamic isomer.  Finally, since the ammonium hydride species is stable 
at room temperature, it was possible to perform electrocatalysis.  The Fe2(Me2adt)(CO)2(dppv)2 
produced H2 at a rate of 39,000 s
-1. Ultimately, increasing the steric bulk of the 2-position does 
stabilize the terminal hydride as hypothesized. 
4.10  Experimental 
Reactions and manipulations were performed using standard Schlenk techniques or in a 
nitrogen atmosphere glove box.  Solvents were HPLC-grade and dried by filtration through 
activated alumina or distilled under nitrogen over an appropriate drying agent. ESI-MS data for 
compounds were acquired using a Waters Micromass Quattro II spectrometer.  1H NMR (500 
MHz) spectra were referenced to residual solvent relative to TMS. 31P{1H} NMR (202 and 242 
MHz) spectra were referenced to an external 85% H3PO4. FT-IR spectra were recorded on a 
Perkin-Elmer 100 FT-IR spectrometer. Crystallographic data for compounds 
Fe2(Me2adt)(CO)4(dppv) and Fe2(Me2adt)(CO)2(dppv)2 was collected using a Siemens SMART 
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diffractometer equipped with a Mo-Kα source (λ = 0.71073 Å). Cis-1,2-
bis(diphenylphosphino)ethylene (dppv) and HBF4•Et2O solution were purchased from Aldrich.  
Fe2(Me2adt)(CO)6 was also prepared according to literature procedures.
10 
Fe2(Me2adt)(CO)4(dppv). With argon bubbling slowly over the solution, a solution of 
Fe2(Me2adt)(CO)6 (207 mg, 0.5 mmol) was treated with a solution of Me3NO in 5 mL acetonitrile 
(38 mg, 0.5 mmol). A solution of dppv (198 mg, 0.5 mmol) in 5 mL toluene was transferred via 
cannula and the reaction mixture was stirred at room temperature for 16 hours continuously 
monitoring via IR. Once the reaction is complete, reaction mixture was reduced under vacuum and 
the residue extracted with 5 mL DCM and filtered through Celite. The filtrate was then treated 
with 50 mL hexanes and recrystallized overnight at -35oC for 12 hours.  Yield: 203 mg (63%). 1H 
NMR (500 MHz, CD2Cl2, 20
oC): δ 8.21-7.18 (m, 22H, C6H5 and =CH), 2.21, 1.61-1.47 (m, 2, 
SCHMe), 1.36-1.27(m, 6H, SCHCH3 ), 1.093 (m, 1H, NH) ppm. 
31P{1H} NMR (202 MHz, 
CD2Cl2, 20
oC): δ 95.45 (MeeqMeeq dppva,b), 94.27 (MeeqMeeq, dppvbb), 82.12 (MeeqMeeq, dppvbb), 
79.436 (MeeqMeax, dppvab) ppm. FT-IR (Toluene): νCO 2018 (vs), 1956 (b), 1939 (b), 1921 (w) cm
-
1. ESI-MS: m/z 756.7 [M]+ (Calcd. 756.4).  
Fe2(Me2adt)(CO)2(dppv)2. A mixture of Fe2(Me2pdt)(CO)4(dppv) (129  mg, 0.17 mmol) 
and dppv (68 mg, 0.17 mmol) was dissolved in 100 mL of dry toluene in Pyrex Schlenk tube with 
argon continuously bubbled over the reaction mixture. The reaction mixture was photolyzed with 
a LED lamp (λmax = 356 nm) until the reaction was completed (~13 h) as indicated by FT-IR 
spectroscopy. After solvent was removed under vacuum, the residue was extracted into 5 mL of 
CH2Cl2. The resulting extract was layered with 100 mL of hexane and allowed to stand at -40 
oC 
overnight. The dark green crystals were dried under reduced pressure. Yield: 122 mg (66%). 1H 
NMR (500 MHz, CD2Cl2, 20
oC): δ 8.16-7.26 (m, 44H, C6H5 and =CH), 1.82 (m, 2H, SCHNH), 
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0.31 (m, t, SCH2CH3 ), -0.33 (q, 1H, NH) ppm. 
31P{1H} NMR (202 MHz, CD2Cl2, 20
oC): δ 89.11 
ppm. FT-IR (Toluene): νCO 1896 (s), 1878 (s) cm
-1. ESI-MS: m/z 1095.3 [M]+ (Calcd. 1095.1). 
Anal. Calcd for C58H53Fe2NO2P4S2•0.3CH2Cl2 (found): C, 62.45 (62.45); H, 4.82 (5.08); N, 1.25 
(1.48). 
Isomerization studies.  To a solution of Fe2(Me2adt)(CO)2(dppv)2, a known concentration, 
and 2 equiv of 1,3,5-trimethoxybenzene in CD2Cl2, one or two equiv of either [H(OEt2)]BF4 or 
[H(OEt2)2]BAr
F
24 was added.  The 
1H NMR and 31P NMR spectra were collected at set time points 
on a 500 MHz or 600 MHz NMR.  
Cyclic voltammetry. Electrochemical experiments were carried out in a nitrogen filled 
glove box fitted with adaptors to connect to CH Instruments model 600D series electrochemical 
analyzer. These experiments were conducted in a 3mL glass cell fitted with a Teflon top. A glassy 
carbon electrode (d=3mm) was used as the working electrode. A silver wire was used as a pseudo-
reference electrode and Fc was added to the cell so the collected data could be referenced to the 
Fc0/+ couple (0.00V).  The counter electrode for these experiments was a platinum wire. Due to 
these experiments being collected in a glove box, sparging was not necessary. Before each scan, 
the internal resistance of the cell was taken using and corrected using the iR compensation tool 
found in CH instruments model 600D series electrochemical analyzer. These experiments were 
taken at room temperature with 1mM of desired complex and 0.125M of supporting electrolyte in 
dried and de-oxygenated solvent. For proton reduction catalysis, step-wise additions of 
[HnMe3]BAr
F






















Figure 4.17.  Decay and growth curves for the various isomers associated with doubly protonated 
Fe2(Me2adt)(CO)2(dppv)2.  [TBA]BF4 was added in situ to a solution of a known 
concentration of Fe2(Me2adt)(CO)2(dppv)2 in CD2Cl2 with 1,3,5-
trimethoxybenzene.  
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CHAPTER 5: Understanding Uncommon Geometry Changes Associated with Electron 
Transfer Using XUV Spectroscopy 
5.1  Introduction 
5.1.1  XUV Spectroscopy 
X-ray absorption near edge structure (XANES) is a powerful technique to measure the 
oxidation state, spin state and geometry of transition metal complexes.1–3  In K-edge XANES, 
electrons are excited from a 1s orbital to a 3d or valence orbital while L2,3-edge XANES 
corresponds to an excitation from a 2p orbital.  Both of these techniques are performed at 
synchrotron or free-electron laser facilities but over the past ten years, table-top extreme ultraviolet 
(XUV) and soft x-ray spectroscopy has advanced significantly.4–7  The Vura-Weis group has spent 
the past five years building and refining a table-top M2,3-edge XUV instrument that can study 
dynamics out to almost 7 nanoseconds with a resolution of 60 femtoseconds (Scheme 5.1).8–11  
M2,3-edge spectroscopy studies electronic excitations from the 3p to 3d orbitals (photons in the 40-
100 eV range).  These photons are generated using a technique called high harmonic generation 
(HHG).  In this process a near-infrared Ti:sapphire laser is tightly focused into a noble gas.  Gas 





Scheme 5.1.  The schematics of the Vura-Weis table-top M2,3-edge instrument.  Not shown is a 
Ti:sapphire laser (output is represented by the red line).  Both XANES spectroscopy 
and transient UV-Visible absorption spectroscopy can be performed.  
 
 
Scheme 5.2.  The 800-nm beam enters a semi-infinite gas cell filled with a noble gas.  The 
recombination of an electron with the almost fully ionized gas atom generates XUV 
photons (purple waves).  Schematic was adopted from ref. 13.  
5.1.2  Long Term Goals: [NiFe]-H2ase Model Complexes and DuBois’ Catalyst 
Two well-studied nickel-containing H2 production catalysts are [NiFe]-H2ase and DuBois’ 
catalyst (Figure 5.1).  Both the DuBois catalyst and a well-studied [NiFe]-H2ase model complex, 
(dppe)Ni(pdt)Fe(CO)3 ([1]
0) (Figure 5.1C),16–18 undergo geometry changes during or after redox 
events.19–22   The DuBois’ complex is originally in a square planar geometry (square pyramidal in 
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a coordinating solvent) and a 2+ oxidation state.  Upon reduction by one electron, the complex 







Figure 5.1.  A.  Active site of the [NiFe]-H2ase.  B. One example of the DuBois’ type catalytst.  
C. Representation of (dppe)Ni(pdt)Fe(CO)3.  
 
 
Figure 5.2.  Geometry changes in the DuBois’ catalysts upon a redox event.  Upon oxidation of 
the NiI tetrahedral complex, the ligands rotate to form a square planar Ni2+ complex 
(unless there is coordinating solvent). 
There is a similar geometry change from tetrahedral to square planar upon oxidation of 
[1]0, but DFT has suggested there is a rotation before the oxidation (Scheme 5.3).17   Pathway one 
suggests that the rotation of the phosphine is slow; therefore a transient tetrahedral Ni2+ species 
which rotates to the preferred square planar conformer.  Pathway two, which is supported by TD-
DFT calculations, assumes there is a pre-rotation forming a Fe0NiII and the oxidation is iron 
centered.  XUV spectroscopy is sensitive to geometry and oxidation state changes, and so it can 
be used to understand the relative timing of these changes during redox events in the catalytic cycle 





Scheme 5.3. The two pathways of the geometry change occurring upon oxidation of [1]0.  
5.1.3  Present Goals: Ni(NCS)2(PPh3)2 and NiI2(PPh3)2 
In order to demonstrate the geometric sensitivity of M2,3-edge XANES, three four-
coordinate Ni2+ complexes that can exist either as tetrahedral or square planar isomers were 
chosen to be examined.  The three nickel complexes are Ni(NCS)2(PPh3)2 ([2]
0), a known square 
planar complex, NiI2(PPh3)2 ([3]
0), a known tetrahedral complex, and NiCl2(PPh3)2 ([3]
0), whose 
geometry is solvent dependent.24,25  By exciting a charge transfer band, an intermolecular 
electron transfer will be simulated and studied using transient XUV spectroscopy.  Due to the 
specificity of the M2,3-edge XANES spectrum, ligand field changes and oxidation state changes 
should be easily distinguished and characterized through TD-DFT26 simulations.  
5.2  Preliminary Data 
5.2.1  TD-DFT Calculations 
The ground state UV-Vis spectrum was simulated using time-dependent density function 
theory (TD-DFT) (Figure 5.3 and 5.4).35  As shown in Figure 5.3, both the B3LYP and B3P86 
functionals give an excellent match to experimental spectra when used with the TZVP, 6-311G** 
or 6-311G* basis sets.  The simulated spectra for both the Ni(NCS)2(PPh3)2 and the NiI2(PPh3)2 
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match the experimental data well.  Examination of the calculated transitions for Ni(NCS)2(PPh3)2 
identified the major peak at 420 nm and 380 nm as a ligand to metal charge transfer transition, 
specifically from the NCS- ligand to the Ni center.  The calculated major peak for NiI2(PPh3)2 was 






Figure 5.3.  Comparison of experimental and simulated UV-Vis spectrum of Ni(NCS)2(PPh3)2 
(purple) using different density functionals and basis sets.  The simulations have 








Figure 5.4.  Comparison of static UV-Vis spectrum of NiI2(PPh3)2 in dichloromethane (blue), in 

































5.2.2  XANES Spectra 
Simulations of the M2,3-edge XANES spectra of NiCl2(PPh3)2 using CTM4XAS, software 
that utilizes ligand-field multiplet theory and reported crystal field parameters,8,27 are shown in 
Figure 5.5.  NiCl2(PPh3)2, has a low barrier of isomerization between a square planar Ni
II and 
tetrahedral NiII.  In chlorinated or coordinating solvents the  square planar isomer is 
preferred.25,28–30  The tetrahedral isomer is predicted to show an absorption edge approx. 2 eV 
lower in energy than the square planar isomer.  Both spectra contain two peaks but for the 
tetrahedral form the two peaks are closer together.  It is expected that the Ni(NCS)2(PPh3)2 and 
NiI2(PPh3)2 would have similar spectra as the NiCl2(PPh3)2 since all three are in a Ni
2+ oxidation 
state and have similar ligand fields.  Preliminary XANES data was taken of thin-film samples 
Ni(NCS)2(PPh3)2 and NiI2(PPh3)2 (Figure 5.6).  As predicted, the spectrum of tetrahedral 
NiI2(PPh3)2 is red-shifted from the square planar Ni(NCS)2(PPh3)2.  The NiI2(PPh3)2 spectrum 
increases in intensity above 80 eV due to an intense absorption peak of iodine around 100 eV. 
 
Figure 5.5.  Simulated spectra, using ligand field multiplet theory, of the tetrahedral and square 
planar isomers of NiCl2(PPh3)2. 

























































Figure 5.6.  Preliminary XANES spectra of Ni(NCS)2(PPh3)2 (red) and NiI2(PPh3)2 (blue). 
5.2.3  Transient Absorption Spectroscopy 
In order to identify the LMCT lifetime of each complex before conducting the transient 
XUV experiment, visible-light transient absorption spectroscopy was performed on solutions of 
Ni(NCS)2(PPh3)2 and NiI2(PPh3)2.  After exciting with 400 nm light, the samples were probed 
with a white-light continuum and spectra were recorded at several time points (Figure 5.7).  
NiI2(PPh3)2 has a different excited state pathway compared to the Ni(NCS)2(PPh3)2.  For both 
complexes, there seems to be two distinct excited states with different lifetimes and spectral 
fingerprints.   For the Ni(NCS)2(PPh3)2 if the traces are fit to a biexponential curve with 
lifetimes: τ1 = 2.7 ps and τ2 = 37 ps (Figure 5.8).  The NiI2(PPh3)2 data was also fit to a 





Figure 5.7.  Preliminary transient absorption spectroscopy of solution samples of 
Ni(NCS)2(PPh3)2 (left) and NiI2(PPh3)2 (right). 
 
 
Figure 5.8.  Time traces versus fits of a dichloromethane solution of Ni(NCS)2(PPh3)2 for two 
representative wavelengths. 
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Figure 5.9.  Time traces vs fits of a dichloromethane solution of NiI2(PPh3)2 for two 
representative wavelengths. 
 
5.3  Conclusions 
 Preliminary work on the characterization of Ni(NCS)2(PPh3)2 and NiI2(PPh3)2 has been 
completed utilizing TD-DFT, M2,3-edge XANES and transient absorption spectroscopy.  The 
simulated UV-Vis spectra match well with the experimental spectra for both Ni(NCS)2(PPh3)2 
and NiI2(PPh3)2.  TD-DFT was used to identify the position of the LMCT band to excite into for 
transient spectroscopy.   
The preliminary XUV spectra qualitatively match the edge position shift predicted by 
CTM4XAS simulation.  The NiI2(PPh3)2 is shifted to lower energy as predicted by the 
CTM4XAS data.  Finally, visible-light transient absorption spectroscopy was also completed on 
both Ni(NCS)2(PPh3)2 and NiI2(PPh3)2.  Preliminary lifetimes and excited states spectra were 
significantly different and indicate there is a different excitation pathway for the square planar 
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5.4  Future Works 
 This project is in its initial stages and will be continued on by my lab mates Kristin 
Benke and Kori Sye.  The transient absorption spectroscopy determined the general lifetimes of 
the excited state of both Ni(NCS)2(PPh3)2 and NiI2(PPh3)2.  M2,3-edge spectra of nickel 
complexes Ni(NCS)2(PPh3)2 and NiI2(PPh3)2 has shown that there is potential to study the 
dynamics of these complexes using our instrument.  The next goal is to study thin film samples 
of both these nickel complexes using transient XUV spectroscopy.    
5.5  Experimental 
 Reactions and manipulations were performed in a nitrogen atmosphere glove box.  
Solvents were HPLC-grade and dried using an SPS system.  All solvents were further dried over 
molecular sieves inside the glove box for several days. NiI2(PPh3)2 was purchased from Sigma-
Aldrich and was not further purified. Ni(NCS)2(PPh3)2 was prepared according to literature 
preparations and crystallized before use.36  50 nm and 100 nm silicon nitride membranes were 
purchased through Silson Ltd.  XANES spectroscopy was completed using methods published 
earlier by the Vura-Weis group.8–11 
Thin Film Preparation.  Dilute solutions of compounds were drop casted on cover slips.  
Using UV-Vis spectroscopy (assuming a density of 1.2), thickness of the films were calculated 
using Beer’s law.  If the thickness was between 100 and 250 nm, the same concentration 
solutions were drop casted onto 50 nm Si3N4 membranes.   
tUV-Visible Absorption Spectroscopy.  The set up was detailed in Ryland et al. published 
earlier this year.11  All tUV-Vis spectroscopy was taken using a 1 mm cuvette and solutions 
(A=0.5 at 450 nm). 
TD-DFT.  Gaussian 09 Revision A was used for all TD-DFT calculations.  The crystal 
structure of Ni(NCS)2(PPh3)2 was optimize using the functionals B3LYP and B3P86 and the 
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basis sets: TZVP, 6-311G* and 6-311G**.  NiI2(PPh3)2 were optimized using B3P86 and all 
hydrogen, carbon and phosphorus atoms were calculated using the 6-31G* basis set while the Ni 
and I were calculated with the SDD basis set.  The TD-DFT calculations were run without 
solvent and were calculated using 100 states.  
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